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CCCP
cyt
DCCD
ApH
A i/j
DNP
e
+H+/2e'
Mg-ATPase 
Pi
p.m.f.
carbonylcyanide m-chlorophenylhydrazone 
cytochrome
dicyclohexylcarbodiimide
pH gradient across the membrane
membrane potential
dinitrophenol
electron
number of protons translocated across the 
membrane during the flow of two electrons 
from the electron donor to the final acceptor, 
magnesium, calcium-stimulated adenosine 
triphosphatase 
inorganic orthophosphate 
proton-motive force.
The thesis is divided into eight chapters. The first chapter is 
a general introduction to the experimental work described later. It 
states the general aims of this work and attempts to describe its context 
by a review of the available literature relevant to energy-coupling in 
bacteria, with particular reference to bacterial active transport. It 
should be noted that knowledge of bacterial bioenergetics has expanded 
greatly over the last three years and some concepts, which were current 
at the commencement of the studies described in the experimental sections, 
were later rendered obsolescent by this expansion. Thus the context 
of the author’s experimental work has changed during the progress of that 
work. This change has necessitated the mention of now outmoded concepts 
in the literature review. The major part of the review, however, concerns
itself with those concepts which are still current, largely those of the
chemiosmotic hypothesis. Literature which was available only after the 
12th November, 1976 has not generally been included.
The next six chapters of the thesis describe the results of 
experimental studies of different aspects of energy-coupling in E.coli- 
A description of the materials and methods used in these experimental 
studies is generally given in a separate section within each experimental 
chapter. However, any methods that were in routine use are described 
in Chapter II "Materials and Methods" and are not detailed in later 
chapters. The relevant genetic loci and derivation of the strains of 
E.coli, used in the experimental studies, are given in the appendix.
General conclusions drawn from these experimental studies, and 
those of other workers, are presented in the final chapter.
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Abstract
Mutants of Escherichia coli K12, defective in various aspects of energy 
metabolism, were used to study the generality of coupling of active trans­
port to the "high-energy" membrane state, and to test the validity of 
some predictions of the chemiosmotic hypothesis concerning the mechanism 
of this coupling and the nature of the "high-energy" membrane state.
It was found that the "high-energy" membrane state, generated
either by anaerobic electron flow to nitrate or fumarate, or by ATP
2+hydrolysis by the Mg -stimulated adenosine triphosphatase, was required 
for anaerobic growth. The "high-energy" membrane state was also required 
for the anaerobic uptake of proline. A similar requirement was probable 
for the anaerobic uptakes of serine and inorganic orthophosphate (in cells 
which were wild-type for the uptake of inorganic orthophosphate) and for 
the aerobic uptake of succinate. However, the "high-energy" membrane 
state was not required for the anaerobic uptake of glutamine, confirming 
previous reports that E.coli possessed two different systems for the 
energisation of active transport.
No symport of protons with proline was detected during anaerobic 
proline uptake but this may have been due to the lack of sensitivity of 
the apparatus used. A correlation between the rate of anaerobic proline 
uptake and the magnitude of the proton gradient was found under all 
conditions tested. This correlation was consistent with the energisation 
of proline uptake by the proton-motive force. Co-transport of two protons 
with each succinate molecule was demonstrated during aerobic succinate 
uptake. Fumarate, malate and aspartate were also taken up with at least 
two protons. However, a comparison of reported values for the pH gradient 
with those for succinate accumulation ratios suggested that, under some 
conditions, the pH gradient was insufficient to energise the observed 
anion accumulation. Thus it was likely that dicarboxylate uptake was 
not energised by the pH gradient alone.
(ü)
It was shown here that up to four protons were translocated 
outwards during the flow of two electrons from formate to nitrate, and 
that up to 1.7 +0.3 protons were so translocated during such electron 
flow from endogenous substrates to fumarate. These results contrasted 
with those of previous workers, who obtained lower values for the number 
of protons translocated by these systems, and suggested that those low 
values, and the low values obtained under some conditions in this study, 
were artefactual. Likely sources of error in determinations of such 
values were discussed. It was concluded that, due to these errors, the 
values for proton translocation obtained in this study could only be 
regarded as approximate.
Proton movements, coupled to the reduction of fumarate by added 
electron donors, could not be accurately quantified. However, the form­
ation of a proton gradient during the fumarate-dependent oxidation of 
formate, glycerol and «-glycerophosphate was qualitatively demonstrated. 
Proton movements coupled to the fumarate-dependent oxidation of glycerol 
and a-glycerophosphate were complex. A possible explanation of these 
proton movements was discussed.
2+Dicyclohexylcarbodiimide, an inhibitor of the Mg -stimulated 
adenosine triphosphatase, also inhibited observed proton translocation 
during fumarate reduction by endogenous donors, though it did not inhibit 
fumarate uptake. This inhibition of proton translocation was probably 
due to an inhibition of fumarate metabolism, coupled with a stimulation 
of proton re-entry into the cells. This pleiotropic effect of the 
inhibitor emphasised the advantages of the use of mutants, rather than 
inhibitors, in studies of energy-coupling in bacteria.
- 1 -
1. GENERAL INTRODUCTION
Active transport of a substance may be defined as the translocation of 
that substance, across a membrane, against a concentration gradient.
It has been demonstrated in mammalian cells and organelles, and in 
bacterial cells and vesicles. It is an endergonic process and therefore 
must be coupled to an exergonic reaction. Many other endergonic reac­
tions which occur during cell growth and metabolism, for example the 
biosynthesis of cellular components, are coupled to the hydrolysis of 
ATP or some other "high-energy" phosphate bond. However, there is con­
siderable evidence that many active transport systems are not coupled 
in this way, and thus the elucidation of the mechanism or mechanisms 
of energy-coupling to active transport is an interesting and important 
field of study.
Several active transport systems have been shown to depend on
the presence of a "high-energy" state of the membrane. This state is 
an intermediate in the synthesis of ATP by oxidative phosphorylation 
and is thus of fundamental importance in cellular energy transformations. 
Its nature is at present the subject of much debate.
This thesis describes the results of several investigations into 
the generality of energy-coupling of active transport to the "high-
energy" membrane state in Escherichia coli K12, and into the possible 
mechanism of this coupling. By this and other means, it was hoped 
that a better understanding of the nature of the "high-energy" membrane 
state might be obtained. In these investigations, a range of mutants 
of E.coli K12 defective in aspects of energy-coupling was used, under 
various conditions, to study the uptake of several different radioactive 
tracers and/or proton movements on the addition of various substrates.
A brief review of the relevant literature is presented in this 
introduction. Particular attention is given to mitochondrial systems
- 2-
due to their historic role in the formation of the concepts of energy­
coupling, and to bacterial systems due to their direct relevance to the 
work presented later.
A. A definition of the "high-energy" membrane state.
The concept of the "high-energy" membrane state (Greville, 1969) 
was originally proposed to explain observations made in studies of mito­
chondrial energy transformations. It was found that energy derived 
from electron transport at any of the three mitochondrial sites of energy- 
conservation between NADH and can be used to drive endergonic membrane 
reactions such at ATP synthesis and pyridine nucleotide transhydrogenation 
(see Chance & Williams, 1956; Danielson & Ernster, 1963). Energy from 
any of the sites of energy-conservation or from ATP hydrolysis can be used 
to drive reversed electron transport through another energy-conservation 
site, and ATP hydrolysis, like respiration, can drive pyridine nuceotide 
transhydrogenation (see Greville, 1969; Danielson & Ernster, 1963). It 
thus appears that, in mitochondria, a common factor links oxidoreduction 
at the various sites of energy-conservation with ATP synthesis and 
pyridine nucleotide transhydrogenation. This common factor is the "high- 
energy" membrane state.
In E.coli, ATP driven reversed electron transport and the energ­
isation of pyridine nucleotide transhydrogenation by either ATP 
hydrolysis or by aerobic respiration have both been demonstrated 
(Sweetman & Griffiths, 1971(a); (b); Fisher & Sanadi, 1971). Thus it 
would appear that aerobic respiration and ATP synthesis are reversibly 
linked via a "high-energy" membrane state in bacterial membranes, in a 
fashion analogous to that found in the inner mitochondrial membrane.
The linkage between respiration and endergonic, membrane- 
associated reactions is destroyed by uncouplers in both mitochondria 
and bacteria (Loomis & Lipmann, 1948; Sweetman & Griffiths, 1971(a);
- 3-
(b)).
Studies in E.coli mutants prove that the Mg-ATPase is required 
for the reversible coupling of the energy of ATP hydrolysis to the form­
ation of the "high-energy" membrane state (see e.g. Butlin et al.,
1973). In mitochondria, the oligomycin-sensitive Mg-ATPase is similarly 
implicated (see e.g. Racker, 1967; 1968).
It is thus apparent that the "high-energy" membrane state has 
similar roles in mitochondrial and bacterial membranes and is formed in
similar ways in both cases.
B. Involvement of the "high-energy" membrane state in active
transport.
The transport of cations into mitochondria across the inner mitochond­
rial membrane can be energised by either respiration (Rossi & Lehninger, 
1963) or by ATP hydrolysis by the Mg-ATPase (Bielawski & Lehninger,
1966). It thus appears that cation transport is energised, in mito­
chondria, by the "high-energy" membrane state. Further, it has been 
shown that the artificial formation of a gradient of potassium ions 
across the inner mitochondrial membrane can result in net ATP formation 
(Cockrell et al., 1967). It would thus seem that the induction of a 
gradient of potassium ions across the membrane causes the formation 
of the "high-energy" membrane state, and that therefore the connection 
between the "high-energy" membrane state and cation transport in mito­
chondria is reversible.
Similarly, in E.coli it has been shown that the active transport
2"bof many substances including proline, alanine, (3-galactosides and Ca 
may be energised by either respiration or ATP hydrolysis by the Mg-ATPase 
and it was thus concluded that the active transport of these substances 
was energised by the "high-energy" membrane state (Klein & Boyer, 1972; 
Simoni & Schallenberger, 1972; Schairer & Haddock, 1972; Tsuchiya &
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Rosen, 1975). Thus in bacteria too, a connection exists between active
transport and the "high-energy" membrane state. The similarity between 
energy-coupling in mitochondria and bacteria (see above) suggests that 
this connection may well be reversible in bacteria as well as in mito­
chondria.
Coupling to the "high-energy" membrane state would appear, 
however, not to be the only method of energising active transport. For 
example, in the mammalian plasmalemma, it has been shown that the electro- 
genic exchange of sodium for potassium against a concentration gradient 
is coupled directly to ATP hydrolysis by a specific ATPase (see Skou,
1965; Judah & Ahmed, 1964). Similarly, in bacteria, it has been 
proposed that the uptake of glutamine and some other substrates is 
energised directly by phosphate-bond energy (see e.g. Berger, 1973;
Berger & Heppel, 1974).
A summary of the information, presented in the above sections, 
concerning energy transformations in E ♦coli, is shown diagrammatically 
in Figure 1.
C. Different concepts of the nature of the "high-energy" membrane
state.
There are four major hypotheses of the nature of the "high-energy" 
membrane state, and each of the plethora of proposals concerning this 
nature may generally be considered a variation on one of these four 
themes. They are :
1) The chemical hypothesis
2) The conformational hypothesis
3) The hypothesis of Williams (1962; 1974) hereafter referred 
to as the "intra-membrane charge separation" hypothesis.
The chemiosmotic hypothesis.4)
FIG.I 1 : Energy conversions in membrane-associated reactions
in E.coli.
CYTOPLASMMEMBRANE
biosynthesis
respiration glycolysis
Mg-ATPasetrans-
hydrogenase
inhibitors
dissipation
uncoupler
phosphate -  bond 
------  energyactivetransport ATPase
‘V  represents the "high-energy" membrane state.
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(1) The chemical hypothesis was originally proposed by Slater (1953).
More recent advances in knowledge (see Greville, 1969) have required 
the modification of the original scheme, though the basic tenets remain 
unchanged. It considers the "high-energy" membrane state as a concen­
tration, within the membrane, of a compound, X^I, containing a "high- 
energy" covalent bond, such as an anhydride bond (see Mitchell, 1966(a)). 
Redox energy is used to form X^I, and endergonic reactions such as ATP 
synthesis or pyridine nucleotide transhydrogenation are coupled directly 
or indirectly to the breakdown of Xbl by specific proteins (see Greville, 
1969).
(2) The conformational hypothesis suggests that redox reactions induce 
conformational changes which form thio-ester linkages in enzymes partic­
ipating in electron transport or energy transfer (Boyer, 1964). Green
et al., (1968) proposed a variant of this hypothesis in which redox 
energy is conserved as a strained configuration of the cristal membrane. 
Weiss (1969(a)) describes a molecular mechanism by which this intercon­
version of redox and mechanical energy may take place.
The strained protein conformation, especially if it results in
the formation of a thioester linkage, is formally equivalent to the Xo>I 
of the chemical hypothesis. It is however profoundly different in its 
molecular nature and in the mechanism of its formation. These differ­
ences cause the conformational hypothesis to highlight the importance 
of membrane structure in membrane energy transformations.
The dissipation of the strained protein conformation or thioester 
linkage, via specific enzymes, could be used to drive endergonic reactions
such as ATP synthesis and active transport.
(3) The "intra-membrane charge separation" hypothesis (Williams, 1962;
- 6-
1974) considers that at each site of energy conservation charge separ­
ation takes place within the membrane. For example, in mitochondria 
at site I, it envisages that NADH transfers a hydride moiety to a flavin 
which then donates an electron to a reaction centre deep inside the 
protein leaving an unsolvated proton within the hydrophobic phase of 
the membrane. Thus, according to this hypothesis, the "high-energy" 
membrane state is a concentration of unsolvated ions within the membrane 
whose solvation energy could be used to drive endergonic reactions such 
as ATP synthesis by reaction with water at specific reaction centres.
An interesting refinement of this hypothesis has been proposed by 
Robertson & Boardman (1975).
(4) The chemiosmotic hypothesis of Mitchell (1961; 1967) envisages 
that redox energy is used to translocate protons against their concen­
tration gradient, so that in mitochondria and bacteria, the concentration 
of protons in the medium is greater than that in the matrix or cytoplasm 
(Harold, 1972). This gradient thus constitutes a proton-motive force 
which tends to move protons back into the matrix or cytoplasm.
Endergonic reactions are supposed to be energised by coupling
to the energetically-favoured return of protons into the matrix or 
cytoplasm. Thus, according to this hypothesis, the "high-energy" 
membrane state is the proton-motive force (p.m.f.).
The p.m.f. consists of two components, a membrane potential 
interior negative (Aip ) and a pH gradient interior alkaline (ApH) viz :
(i) p.m.f. = Ai|j 4- ZApH
where Z = 2.303 RT =; 59mV at room temperature.
F
By its emphasis on a trans-membranal rather than an intra- 
membranal nature for the "high-energy" membrane state, the chemiosmotic 
hypothesis differs radically from the other hypotheses outlined above.
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D. A comparison of the different concepts of the nature of the
"high-energy" membrane state, with particular reference to the 
energisation of active transport in bacteria.
All the above four hypotheses can, with a varying number of secondary 
postulates, account for the known phenomena of energy-coupling in biol­
ogical membranes. Further, the four hypotheses are not mutally exclusive 
and several attempts have been made to combine aspects from two or more 
of them (see e.g. Weiss, 1969(b); Boyer, 1975). Many comparisons of 
the different hypotheses have been made (see e.g. Greville, 1969;
Slater, 1967; Harold, 1972; Boyer et al., 1973; Mitchell, 1973; 
Skulachev, 1971; Williams, 1974) and it is beyond the scope of this 
introduction to attempt any similar review of the entire vast body of 
evidence for and against particular hypotheses. However, in so far as 
the active transport of many substances in bacteria depends on the "high- 
energy" membrane state (see e.g. references Section 1(B)) a highly 
selective review of the literature relevant to this topic has been 
attempted below.
Only two of the four above mentioned hypotheses have been elabor­
ated in the context of energy-coupling to active transport far enough 
to stimulate experiment. These are the chemiosmotic (Mitchell, 1961; 1967) 
and the chemical (Kepes, 1971) hypotheses. A third hypothesis concerning 
the mechanism of energisation of active transport, the respiration­
coupling hypothesis, was proposed by Kaback (1972) and concentrates on 
conformational aspects of transport proteins though it does not assume 
a conformational nature for the "high-energy" membrane state.
(1) The chemical hypothesis
This hypothesis for energy-coupling to active transport grew out of 
studies with the 3-galactoside transport system of E.coli (Kepes, 1971;
see Hamilton, 1974). It postulates that energy-coupling involves a
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covalent reaction between the energy-donor and the protein which binds 
and translocates the substrate (permease). This energy-donor is thought 
to be a "high-energy" intermediate such as X^I (see Section 1(C)) or an 
unspecified donor A^B, and on reacting with the permease is thought to 
cause an alteration in the affinity of the permease for its substrate 
at either the inner or the outer membrane face, or a change in the 
trans-membranal mobility of a form of the permease, or both (Kepes,
1971; Wilson & Kusch, 1972; Komor et al., 1973). One scheme illus­
trating how such an alteration may occur is shown in Figure 2.
Here uncouplers are thought of as acting by catalysing the break­
down of A^B or one of its precursors.
There is no consensus among adherents of the chemical model of 
energy-coupling to active transport as to which of the kinetic parameters 
of solute transport is altered by energy-coupling (Kepes, 1971; Wilson 
& Kusch, 1972; Komor et al., 1973). Thus the permease concept appears 
to be of somewhat limited value in the design of experiments. Further, 
this model, like all aspects of the chemical model of energy-coupling, 
suffers from the disadvantage that no suitable "high-energy" chemical 
intermediate has been convincingly shown to exist. Finally the permease 
model relies heavily on information derived from the ß-galactoside 
transport system of E.coli. The work of West (1970; West & Mitchell,
1973) has made the direct coupling of a "high-energy" chemical inter­
mediate to the ß-galactoside transporter, if not implausible, at least 
redundant (see below). For these reasons, the main debate on the nature 
of energy-coupling to active transport has recently been confined to con­
trasting and evaluating the chemiosmotic and respiration-coupling hypotheses. 
The rest of sub-section 1(D) will therefore only be concerned with the
evidence for and against these latter two hypotheses.
FIG. I 2 : Proposed chemical mechanism for energy-coupling to
MEDIUM
S
Abbreviations
active transport.
CYTOPLASMMEMBRANE
s 9 substrate
p ; permease
A\,B 9 theoretical "high-energy" compound
Pa,A 9 activated form of permease
PS 9 permease-substrate complex
Adapted from Kepes (1971)
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(2) The chemiosmotic hypothesis.
The chemiosmotic hypothesis (Mitchell, 1967; Harold, 1972) predicts 
that all systems which lead to the formation of a "high-energy" membrane 
state in mitochondria and bacteria should translocate protons from the 
inside of the membrane out into the medium. Thus it is envisaged that 
ATP hydrolysis by the Mg-ATPase is obligatorily coupled to outward 
proton translocation under normal circumstances. Further, it is pre­
dicted that the flow of electrons and hydrogen through the respiratory 
chain results directly in outward proton translocation. To accomplish 
this it is suggested that the components of the respiratory chain are 
spatially organised within the membrane into loops, one loop per site 
of energy conservation. Each loop is formed from a component of the 
respiratory chain whose reduced state is obtained by adding two hydrogen 
atoms (H-carrier), and one whose reduced state is obtained by adding 
two electrons (e^-carrier) (see Greville, 1969). These carriers are 
arranged spatially such that the transfer of two electrons from a H- 
carrier to an e-carrier occurs at the outer surface of the membrane 
and is accompanied by the concomitant release of two protons, whereas 
the transfer of two electrons from an e^carrier to an H-carrier occurs 
at the inner surface of the membrane and is accompanied by the conco­
mitant disappearance of two protons from the matrix or cytoplasm. These 
ideas are expressed diagramatically in Figure 3.
The hypothesis further predicts that the endergonic process of
active transport is coupled to one or both of the components of the 
p.m.f., depending on the nature of the substrate. Neutral substances 
such as sugars are supposed to be translocated together with one or 
more protons (proton symport). This transport would involve the net 
translocation of both charge and protons and would thus be energised 
by both components of the p.m.f. Anions such as lactate are also 
supposed to be transported by proton symport but as electroneutral
FIG. I 3 : Proposed mechanism for proton translocation coupled
to electron transport.
MEMBRANE
to final electron 
acceptor or further
H-carrier
Abbreviations : SH2 ; reduced substrate
S ; oxidised substrate
Adapted from Downie (1974)
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species. Thus their uptake would depend on the ApH. Uptake of cations
would not require proton symport for its energisation. Cations are 
supposed to accumulate by a uniport mechanism in response to the A^ .
The hypothesis assumes an intact vesicular membrane with a low
intrinsic permeability to protons. Uncoupling is seen as the dissipation 
of the p.m.f. by an uncoupler-catalysed re-entry of protons into the 
cytoplasm or matrix. The predictions of the chemiosmotic hypothesis 
concerning energy-coupling to active transport may thus be illustrated 
diagramatically as shown in Fig. 4.
Much evidence supporting the predictions and vindicating the
assumptions of the chemiosmotic hypothesis has been published. Firstly, 
it has been shown that, as required, the mitochondrial membrane has a 
low proton conductance (Mitchell & Moyle, 1967(a)). The membranes of 
Streptococcus faecalis and Staphylococcus aureus are similarly imperm­
eable (Harold & Baarda, 1967; Jeacocke et al., 1972).
The presence of a , interior negative, has been demonstrated 
in mitochondria, S.faecalis, S.aureus and E.coli (see Skulachev, 1970; 
Harold & Papineau, 1972(a); Jeacocke et al., 1972; Padan et al., 1976; 
Collins & Hamilton, 1976). Glycolysing cells of S.faecalis, respiring 
mitochondria, and respiring cells of S.aureus and E.coli maintain a pH 
gradient interior alkaline (Harold et. al., 1970; Mitchell & Moyle,
1969; Jeacocke et al., 1972; Padan et al., 1976; Collins & Hamilton, 
1976). Thus the components of the postulated p.m.f. have been shown to 
exist.
Uncouplers enhance the proton permeability of the membrane and
the rate of proton diffusion in the presence of uncouplers is sufficient 
to account for uncoupling phenomena in terms of the chemiosmotic 
hypothesis (Mitchell & Moyle, 1967(a); Mitchell & Moyle, 1969). (However,
FIG. I 4 : Proposed chemiosmotic mechanism for energy-coupling
to active transport.
H+-
respiration 
ATP hydrolysis
proton symport 
w ith
neutral substrates
photon symport 
w ith  
anions
cation
transport
uncoupling
- 11-
see Hanstein (1976) for objections to this explanation of uncoupling).
It has also been clearly shown that the aerobic respiratory 
chain of mitochondria acts as an uncoupler-sensitive, proton-translocating
system. Six protons are extruded per atom of oxygen reduced with NADH- 
linked substrates and four with flavin-linked substrates (Mitchell &
Moyle, 1967(b)), i.e. two protons per two electrons per energy-conservation 
site (however, see Brand et al., (1976) for criticism of these values).
The chemiosmotic hypothesis therefore predicts the existence of 
three loops of alternating H and e^-carriers between NADH and oxygen (see 
above & Figure 3). The arrangement of carriers within these loops must 
satisfy the evidence on the location of energy-conservation sites (see 
Chance & Williams, 1956; Racker, 1968). Several such arrangements have 
been suggested (Mitchell, 1966(b); Skulachev, 1971; Lawford & Garland, 
1972). The arrangement of Lawford and Garland (1972) is the one which 
best seems to fit the known facts and is shown in Figure 5. The evidence 
for a vectorial arrangement of the components of the respiratory chain 
is slight. It is at least clear, however, that cytochrome c is located 
near the outer face of the inner mitochondrial membrane, and the dehyd­
rogenases and the terminal oxidase are located near its inner surface 
(Racker, 1970).
In bacteria, proton translocation by aerobic respiratory chains
has been demonstrated in Micrococcus denitrificans (Scholes & Mitchell, 
1970), and in E.coli (West & Mitchell, 1972; Meyer & Jones, 1973;
Lawford and Haddock, 1973). Scholes & Mitchell (1970) found that the 
number of protons translocated per atom of oxygen reduced by endogenous 
electron donors, ( *>H+/0), was 8. They concluded that not only were 
there three proton-translocating sites in the respiratory chain, corres­
ponding to the three sites of energy-conservation found in this organism, 
but also, that the pyridine nucleotide transhydrogenase was a proton
FIG. I 5 : Proposed arrangement for the proton-translocating
respiratory chain of mitochondria.
MEMBRANE
NADH
0+2H
Abbreviations : flavin mononucleotide
Fe/S ; non-haem iron
UQ ; ubiquinone
From Lawford & Garland (1972)
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translocating system similar to that previously postulated and shown in 
mitochondria (Mitchell, 1966(c); Moyle & Mitchell, 1973). With E.coli 
various values for -»-H /0 were obtained. West & Mitchell (1972) 
obtained values between 3 and 4. Meyer & Jones (1973), using endogenous 
substrates, obtained values of 6. Lawford & Haddock (1973), using energy- 
starved cells, obtained a value of 4 for exogenous NADH-linked substrates 
and 2 for exogenous flavin-linked substrates. The balance of evidence 
suggests therefore, that two energy-conservation sites are present in 
the E.coli aerobic respiratory chain, and that as in mitochondria, two 
protons are translocated per 2e~ per site. This conclusion on the 
number of sites is supported by the molar growth-yield experiments of 
Harrison & Loveless (1971), though both the method used in that study, 
and its conclusions have been questioned (Stouthamer & Bettenhausen,
1973; Hempfling, 1970; Meyer & Jones, 1973). Thus it would appear 
that in bacteria, just as in mitochondria, the aerobic respiratory 
chain is a proton translocating system. Little is known concerning 
the spatial arrangement of H and e-carriers in bacterial membranes.
With regard to E.coli, one proposal for the sequence of carriers in the 
aerobic respiratory chain is shown in Figure 6 (Cox et al., 1970).
It can be seen that, in this model, there are sufficient H and e-carriers 
to form the required two loops.
Many facultative and obligately anaerobic bacteria possess 
electron transfer systems using a wide variety of terminal electron
acceptors other than oxygen (Postgate, 1965; LeGall & Postgate, 1973; 
DeGroot & Stouthamer, 1970). E.coli can use both nitrate and fumarate 
as terminal electron acceptors in anaerobic respiration (see Konings 
& Boonstra, 1976).
Information on the components of the electron chain involved in 
nitrate respiration in E.coli is sketchy. It is clear however, that the
terminal oxidase, nitrate reductase, catalyses the reduction of nitrate
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to nitrite. Its synthesis is induced by the presence of nitrate under
anaerobic conditions (Showe & De Moss, 1968) and it forms a membrane- 
bound complex with a b-type cytochrome (Itagaki et al.. 1961; McGregor, 
1976). Electrons enter the pathway via primary dehydrogenases, formate 
dehydrogenase being the most effective (Nicholas & Nason, 1955; Cole 
& Wimpenny, 1968; Ruiz-Herrera & DeMoss, 1969). Formate dehydrogenase 
also forms a complex with a b-type cytochrome (Enoch & Lester, 1975) and 
contains flavin (Linnane & Wrigley, 1963). Both nitrate reductase and 
formate dehydrogenase contain molybdenum (Enoch & Lester, 1975; Taniguchi 
& Itagaki, 1960). The b-type cytochrome(s) function(s) in electron 
transport (Ruiz-Herrera & DeMoss, 1969; Itagaki et al., 1960) as does 
a quinone (Enoch & Lester, 1974). FAD functions in the electron trans­
fer from NADH to nitrate (Nicholas & Nason, 1955). Electron flow to 
nitrate can be coupled to ATP synthesis (Ota et al., 1964) and to the 
energisation of active transport (Konings & Kaback, 1973; see Konings 
& Boonstra, 1976). Thus electron flow to nitrate appears to be able 
to form the "high-energy" membrane state and, according to the chemio- 
smotic hypothesis, should lead to proton translocation. Such proton 
translocation has been demonstrated and values for ->H+/NC>3 of 4 for 
the oxidation of endogenous substrates and malate, and of 2 for the 
oxidation of lactate and glycerol, have been obtained (Brice et al., 1974;, 
Garland et al., 1975). These data suggest the presence of two proton-
translocating energy-conservation sites between NADH and NO^ and a value 
+ —for -*H /2e of two per energy-conservation site (Garland et al., 1975)
-> H^/NO^ values for the nitrate dependent oxidation of formate are, 
however, unclear (Garland et al., 1975). The organisation of electron 
transfer components in this pathway is also unclear. It would appear, 
however, that formate reacts on the inner face of the cytoplasmic mem­
brane and that nitrate reductase spans the membrane and catalyses the 
reduction of nitrate at the outer face of the membrane (Garland et al.,
1975). A possible arrangement of the components of the electron trans-
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fer chain from formate to nitrate is shown in Figure 7.
Cells of E.coli grown anaerobically with glycerol and fumarate 
contain an anaerobic L-a-glycerophosphate dehydrogenase in a functional, 
membrane-bound complex with fumarate reductase, and this complex catal­
yses the oxidation of a-glycerophosphate coupled to the reduction of 
fumarate (Miki & Lin, 1973(a)). The dehydrogenase is induced by 
anaerobic growth with fumarate as the terminal acceptor (Kistler & Lin, 
1971). Synthesis of fumarate reductase is derepressed in anaerobic 
growth, and partially derepressed in aerobic growth on glucose (Hirsch 
et al., 1963, Spencer & Guest, 1973). A b-type cytochrome is probably 
involved normally in this electron-transfer pathway (Konings & Kaback, 
1973), as is a quinone(Singh & Bragg, 1975).
Electron flow to fumarate is capable of energising the "high- 
energy” membrane state, as judged by its ability to energise the form­
ation of ATP (Miki & Lin, 1973(b); Miki & Lin, 1975), active transport 
(Konings & Kaback, 1973; see Konings & Boonstra, 1976) and the quench­
ing of atebrine fluorescence (Haddock & Kendall-Tobias, 1975).
Oxidation of endogenous substrates by this system gives rise to proton
+  —translocation, though with a surprisingly low value for -*H /2e of 
approximately one (Brice et al., 1974).
ATP hydrolysis by the Mg-ATPase has been shown to give rise to 
outward proton translocation in mitochondria, however the stoichiometry, 
-* H+/ATP, is uncertain, and proton extrusion depends on the presence 
of a permeant cation (Mitchell & Moyle, 1968). The hydrolysis of ATP 
by the Mg-ATPase, however, also supports the uptake of lipid-soluble 
cations in mitochondria, and it is thus proton extrusion and not cation 
uptake which is the primary electrogenic effect of ATP hydrolysis 
(Bakeeva et al., 1970; Liberman & Skulachev, 1970). In bacteria, the 
Mg-ATPase of S.faecalis appears to function as a proton pump, and in
inverted vesicles prepared from E.coli the hydrolysis of ATP by the
FIG. I 7 : Proposed proton-translocating respiratory chain for
nitrate-dependent electron transport.
MEMBRANE
D-lactate
glycerol 3-phosphate
nitrate
reductase
From Downie (1974)
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corresponding Mg-ATPase results in inward proton translocation (Harold 
& Papineau, 1972(b); Hertzberg & Hinkle, 1974; West & Mitchell, 1974).
Thus, in all systems so far tested, the ability to form the 
"high-energy" membrane state is accompanied by the ability to trans­
locate protons.
There is a considerable amount of evidence that the p.m.f. or
one of its components is sufficient to energise endergonic, membrane- 
associated reactions. For example, it has been shown that an artific­
ially-induced Aij; 9 caused by the valinomycin-induced efflux of potassium, 
can energise active transport in S.faecalis, Streptococcus lactis and 
E.coli vesicles (Ashgar et al., 1973; Kashket & Wilson, 1973; Hirata 
et al., 1973). This however, could be an indirect effect due to the 
formation of a "high-energy" membrane state by the dissipation of the 
potassium diffusion potential. A more critical demonstration of the 
validity of chemiosmotic predictions of energy-coupling to active trans­
port is the demonstration of a proton symport with neutral substrates. 
Such proton symport has been shown in E.coli in the uptake of ß-galacto- 
sides (West & Mitchell, 1973; West, 1970), arabinose and galactose 
(Henderson & Skinner, 1974) and alanine (Collins et al., 1976).
Further, the presence of a proton/anion symport has been shown in 
E.coli in the uptake of gluconate (Robin & Kepes, 1973), glucose-6- 
phosphate (Essenberg & Kornberg, 1975) and lactate (Collins et al.,
1976). In other bacteria it has been shown that the uptake of lysine, 
a cationic substrate, was energised by the Aij; (Niven et al. , 1973) and 
that alanine uptake was accompanied by proton uptake (Hirata et al., 
1976).
Finally it has been shown that an artificially induced p.m.f. 
is sufficient to energise the formation of ATP, in the absence of 
metabolism, in S.lactis and E.coli (Maloney et al., 1974; Maloney &
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Wilson, 1975; Tsuchiya & Rosen, 1976; Wilson et al., 1976).
Thus, a considerable amount of information has been gathered 
in support of the claims of the chemiosmotic hypothesis. However, a
number of observations, largely made with bacterial vesicles, seemed 
incompatible with these claims and led to the formulation of Kaback's 
respiration-coupling hypothesis.
(3) The respiration-coupling hypothesis.
In its original simplistic form (Kaback & Barnes, 1971) Kaback's 
hypothesis suggested that the proteins involved in substrate binding 
and translocation (carriers) were electron transfer intermediates and 
as such underwent reversible oxidation-reduction as obligatory members 
of the respiratory chain. The carriers were thought of as being 
situated between the dehydrogenases and the cytochrome chain. It was 
envisaged that in the oxidised form the carrier had a high affinity site 
exposed to the medium and that reduction of the carrier caused a con­
formational change in the carrier resulting in the inward translocation 
of the substrate binding site and a reduction in its affinity for 
substrate (Kaback, 1972). The discovery of etc mutants defective in 
active transport but not in respiration (Hong & Kaback, 1972) showed 
that the carriers were not obligatory members of the respiratory chain.
It was thus postulated that the carriers reflected the redox state of 
some component(s) of the respiratory chain, either by forming an electron 
shunt or by some other means (Hong & Kaback, 1972). No role for ATP 
in the energisation of active transport was originally envisaged (Kaback, 
1972), but in view of the evidence implicating ATP in the energisation 
of active transport in anaerobic cells (see refs Section 1(B)) and ves­
icles (Van Thienen & Postma, 1973), it was suggested that ATP could
energise active transport indirectly via a reversal of electron transport 
(Koning^ & Kaback, 1973).
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This respiration-coupling hypothesis had the advantage of explain­
ing several observations made with bacterial vesicles which seemed
in conflict with the chemiosmotic hypothesis. The first of these was 
the difference in the efficiencies of different energy donors in support­
ing active transport. For example, in E. coli vesicles NADH is oxidised 
at a roughly similar rate to D-lactate but does not support transport 
nearly as well (Barnes & Kaback, 1971). According to the chemiosmotic 
hypothesis, the effectiveness of a substrate in energising active 
transport should depend upon its rate of oxidation, but according to 
the respiration-coupling hypothesis, the effectiveness of a substrate 
would depend upon the number of transport carriers coupled to its 
dehydrogenase. A second observation which appeared to be better explained 
by the respiration-coupling hypothesis than by the chemiosmotic hypothesis 
was the lack of effect of oxamate, an inhibitor of D-lactate dehydrogenase, 
on the efflux of pre-loaded substrate from bacterial vesicles respiring 
on lactate. This was in contrast to other inhibitors of electron trans­
port such as CN“ and amytal which caused efflux of preloaded substrate 
from such vesicles (Kaback & Barnes, 1971). According to the chemios­
motic hypothesis, inhibition of electron transport in bacterial vesicles, 
no matter where the site of such inhibition, should lead to inhibition 
of proton translocation and thus a collapse of the p.m.f. and efflux of 
preloaded substrate. The respiration-coupling hypothesis on the other 
hand suggested that transport carriers responded to the redox state of 
an energy-coupling site. If this site were reduced efflux could occur, 
but if it were oxidised no efflux could take place. Finally, the pres­
ence of a ApH and/or a A^ in respiring vesicles was questioned (Lombardi 
et al., 1973; Reeves et al., 1972). The presence of one of these com­
ponents of the p.m.f. is essential for the energisation of active trans­
port of amino acids by a chemiosmotic mechanism but is not required for
such energisation by coupling to respiration.
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Recent advances in knowledge have partially resolved these apparent
discrepancies between experimental observations and the chemiosmotic 
hypothesis. The inefficiency of NADH as compared to D-lactate in support­
ing active transport in vesicles has been shown to be due to the 
relative accessibilities of externally-added substrates to their respective 
dehydrogenases (see Harold, 1976). NADH generated inside bacterial 
vesicles is as effective an energy source as D-lactate (Futai, 1974). 
Further, it has been shown that oxamate is ineffective in collapsing a pre- 
established Aip in membrane vesicles respiring with lactate as carbon 
source, although if added before lactate, it is effective in blocking 
the generation of such a Aip (Altendorf et al., 1975). Finally, Ramos 
et al., (1976), by the use of improved methods, have shown the presence 
of both a Aip and a ApH in respiring vesicles of E.coli.
Due to these advances, the respiration-coupling hypothesis has
lost most of its appeal and the chemiosmotic hypothesis has emerged as
the theory best able to explain the body of data so far accumulated.
Several problems remain, however. For example, according to the
chemiosmotic hypothesis, K+ accumulation in the presence of valinomycin
in bacterial vesicles is a simple ionophore-mediated translocation
process in response to a Aip interior negative. Therefore the lack of such
+accumulation in vesicles prepared from mutants defective in K transport 
in whole cells (Bhattacharyya et al., 1971) is puzzling. Secondly, the 
concentration gradients, obtained in studies of the uptake of some 
anions, are too large to be explained on the basis of current estimates 
of the ApH (see Harold, 1976). Thirdly, differences occur in the 
efficiency with which particular energy sources energise the active
transport of different substrates; e.g. succinate supports lysine up­
take as well as D-lactate, but is far less effective than D-lactate 
in energising proline uptake (Lombardi & Kaback, 1972). Further work 
is required to resolve these discrepancies.
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E. Active transport coupled to "phosphate-bond energy"
It was recently shown that the uptakes of proline and glutamine in 
E.coli appear to be differently energised (Berger, 1973). In accordance 
with previous work (Klein & Boyer, 1972), the uptake of proline was 
found to be energised by the "high-energy" membrane state. However, 
glutamine uptake appeared to be directly energised by "phosphate-bond 
energy". It was later shown that the uptakes of arginine, histidine, 
ornithine and diaminopimelate also appear to be energised directly by 
"phosphate-bond energy" (Berger & Heppel, 1974). Unfortunately, in no 
case was chemical analysis of the transported substrate reported.
However, it is unlikely that metabolism was the rate-limiting step in 
the uptake of all these substances and it is thus probable that they 
were taken up by an active transport process.
So far, all the transport systems whose energisation appears to
be via "phosphate-bond energy" are sensitive to osmotic shock and absent 
from bacterial vesicles, requiring a periplasmic binding-protein for 
their operation (Weiner et al., 1971; Berger & Heppel, 1972; Rosen,
1971; Rosen, 1973; Rosen & Vasington, 1971; Ames & Lever, 1970). It 
was thus postulated (Berger, 1973; Berger & Heppel, 1974) that transport 
systems in E.coli may be divided into two broad classes, those which 
are resistant to osmotic shock and energised by the "high-energy" 
membrane state, and those which are sensitive to osmotic shock and 
energised by "phosphate-bond energy".
The identity of the postulated energy donor to the shock-sensitive
transport systems is unclear. It may be ATP, or an intermediate derived 
from ATP, but these are not the only possibilities. Further, the mechanism 
by which the "phosphate-bond energy" is coupled to active transport is 
even more unclear. An intact phosphotransferase system (see e.g. Roseman, 
1969; Kaback, 1972) is not required for glutamine uptake (Berger, 1973). 
Cyclic phosphorylation and de-phosphorylation of the carrier in a manner
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similar to that found with the plasmalemma Na /K transporter (Post et_
al., 1965) is the most obvious possibility. It must be borne in mind, 
however, that study of this mode of energy-coupling to active transport 
is only in its infancy.
It should be noted that no mention of the phosphotransferase
system has been made until this stage. This is because this system 
catalyses not merely the transport of a substrate but transport coupled 
to concomitant phosphorylation (Roseman, 1969; see Kaback, 1972).
Thus, it catalyses the transfer of a chemical group across the membrane, 
rather than the transfer of an intact molecule. The transport of adenine 
into E.coli is a further example of such group translocation since 
transport is accompanied by concomitant conversion to AMP (Hochstadt- 
Ozer & Stadtman, 1971). This "group translocation" falls outside the 
definition of active transport (see p.l) and will not be discussed 
further. However, in determining the mechanism of energy-coupling to 
the transport of a particular metabolite, "group translocation" must 
be borne in mind as one of the possibilities open to the bacterial cell.
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Chapter II The involvement of the "high-energy" membrane state in 
anaerobic growth and the anaerobic active transport of 
proline and serine.
A. Introduction
Electron transfer systems using nitrate or fumarate as a terminal electron 
acceptor can be induced in E.coli by anaerobic growth under the appropriate 
conditions (Showe & DeMoss, 1968; Kistler & Lin, 1971; Spencer & Guest, 
1973). Anaerobic electron transfer to these acceptors is capable of 
energising the phosphorylation of ADP (Ota et al., 1964; Miki & Lin, 
1973(b); Miki & Lin, 1975), and is thus capable of forming the "high- 
energy" membrane state. Further, it has been shown that anaerobically- 
grown E.coli possess levels of Mg-ATPase activity similar to those found 
in aerobically-grown cells (Fisher & Sanadi, 1971; Butlin, 1973). Thus 
anaerobically-grown cells of E .coli may possess one or more of three 
separate ways of forming the "high-energy" membrane state viz: ATP 
hydrolysis by the Mg-ATPase, electron flow to nitrate or electron flow 
to fumarate.
In contrast to the large number of studies in aerobically-grown 
cells, little work has been done on the roles of the three anaerobic 
mechanisms of generating the "high-energy" membrane state in the energis­
ation of active transport in anaerobically-grown bacteria. It has, 
however, been shown that electron flow to nitrate or fumarate can energise 
the uptake of lactose and amino-acids from an amino-acid mixture, in 
wild-type cells of E.coli and in membrane vesicles derived from these 
cells (Konings & Kaback, 1973; Boonstra et al., 1975; see Konings & 
Boonstra, 1976). Previous studies in this department have shown that 
fumarate can also stimulate the uptake of phosphate and serine in 
anaerobically-grown whole cells of mutants defective in the ability to 
couple the hydrolysis of ATP to membrane energisation (uncA) (Butlin,
1973).
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The results presented in this chapter extend those studies. A 
range of bacterial mutants defective in either the coupling activity of 
the Mg-ATPase (uncB; unc-405) or in fumarate reductase (frd) activity, 
or in both activities, was used firstly to more clearly define the roles 
of the Mg-ATPase and anaerobic electron flow in anaerobic growth and 
the energisation of the active transport of proline and serine.
It was found that the anaerobic transport of proline and serine 
in anaerobically-grown cells was energised, not by ATP hydrolysis by 
the Mg-ATPase or by anaerobic electron transport per se, but by the 
"high-energy" membrane state, just as in aerobically-grown cells (Klein 
& Boyer, 1972; Van Thienen & Postma, 1973). The chemiosmotic hypothesis 
(Mitchell, 1961; 1967) visualises the "high-energy" membrane state as 
a proton-motive force. The final part of this chapter reports the 
results of an attempt to correlate proline uptake and the p.m.f., in 
the range of mutants described above.
B. Materials and Methods
1. Materials
i / 14L-[U-14C] Proline (290mCi/mmol) and L-[3- C] Serine (49mCi/mmol) were
obtained from the Radiochemical Centre, Amersham, Bucks., U.K., and were
diluted appropriately with carrier before use. Benzyl viologen(Na salt)
obtained from B.D.H. Laboratory Chemicals Ltd., Poole, Dorset, U.K.
Sylon-HT reagent was purchased from Supelco Inc., Beliefonte, Penn.,
U.S.A., and was diluted appropriately with anhydrous pyridine before use.
NADH and D-lactate dehydrogenase were obtained from Sigma Biochemicals,
St. Louis, Mo., U.S.A. CCCP was obtained from Calbiochem, Carlingford,
N.S.W., Australia and was routinely dissolved in 50% (v/v) ethanol and
neutralised with KOH before use. OV-101 and VarAport-30 were purchased
from Varian Aerograph, Walnut Creek, Cal., U.S.A. Porapak-Q was obtained
was
from Waters Assoc. Inc., Farmingham, Mass., U.S.A. Butyl-PBD was obtained
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from CIBA-Geigy, Lane Cove, N.S.W. Australia. All other chemicals were 
of the highest grade commercially available. ^  was routinely passed 
through two scrubbing towers containing 5% (w/v) pyrogallol in 1AM KOH 
and then through water before use.
All strains of E.coli used are described in the appendix.
2. Growth of cells.
The medium used for growth of cells was half-strength medium 56 (Monod 
et al., 1951) pH7.0. Sterile solutions of growth supplements were 
added to the sterilised mineral salts medium, where appropriate, to the 
following final concentrations :L-arginine, lmM;l-isoleucine andlrvaline,
0.5mM;L-histidine, 0.3mM; uracil, 0.2mM; thiamine, 3.3yM; 2,3-
dihydroxybenzoate, 10pM. Glucose was added at the growth-limiting con­
centration of 5mM. kNitrate (75 or lOmM) was added to the growth medium 
for anaerobic growth of strain AN480 (uncB,frd). KFumarate (5mM) was 
added to the growth medium for anaerobic growth of strain AN285 (unc- 
405) and, in some experiments, to that for strain AN283(uncB).
Cells were grown aerobically at 37 C in 50ml of medium in 150ml 
flasks shaken at 300rpm in an orbital-shaking water bath. Cells were 
grown anaerobically in Pyrex screw-cap bottles at 37°C in one of two 
ways : after each bottle had been inoculated either (a) the bottle was 
totally filled, tightly capped and incubated, or (b) it was partially 
filled and placed in an anaerobic culture jar containing a "cold catalyst". 
The jar was then partially evactuated, filled with H containing 5% CO^, 
sealed and incubated. Cells were harvested approximately 3-5h after 
cessation of growth due to limitation of carbon source.
Cultures of unc mutants were routinely checked for reversion to 
suc+ by plating out on agar plates containing specific growth supple­
ments in a mineral-salts base and with 16mM succinate as carbon source.
All experiments presented were done with cultures containing no detect-
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able revertants.
In determinations of growth rates, growth was routinely monitored 
from early exponential phase till cessation of growth due to limitation 
of carbon source. Sterile samples of the cell suspension were taken at 
the appropriate times. Their optical densities were routinely measured 
at 660nm using a Gilford 600 spectrophotometer. Growth yields on 5mM 
glucose are expressed as optical densities at 660nm and were measured 
in the same fashion.
3. Analysis of the metabolic products of growth, or of incubation
under non-growing conditions, with glucose as carbon source. 
Cells were grown anaerobically in filled, stoppered bottles, as des­
cribed above, and were harvested by centrifugation. All the resultant 
supernatants were analysed for the metabolic products of growth. Cells 
of strain AN259(wild-type) were extracted with 6%(v/v) HCIO^(final con­
centration). The extract was cooled on ice, neutralised with KOH, 
centrifuged, and the supernatant analysed for the metabolic products 
of growth. Cells of strains AN283(uncB) and AN285(unc-405) were resus­
pended in growth medium to an Errn of 6-8 and were incubated anaerobic-660
ally in filled, stoppered bottles with lOmM glucose as carbon source 
but without essential growth-supplements and without fumarate (non­
growing conditions) until all the added glucose had been metabolised. 
The cell suspension was then centrifuged and the supernatant analysed 
for the products of glucose metabolism. Cells of other strains were 
discarded.
Due to the diversity of the products of glucose metabolism,
three different analytical techniques were required to estimate their 
concentration in the supernatant fluids;
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i. Pyruvate was estimated spectrophotometrically. Various 
volumes of the supernatant fluids were pipetted into a 
cuvette. 100y1 of 3.3mM NADH was added and the volume 
made up to 3ml with growth medium (without supplements).
Reaction was initiated by the addition of 5yg of D- 
lactate dehydrogenase, and the disappearance of NADH 
was followed at 340nm using a Cary 14 spectrophotometer.
Reaction was allowed to reach completion and pyruvate 
concentration in the supernatant fluids was calculated 
by comparison with standards of appropriate concentrations.
ii. Ethanol and acetate were estimated by g.l.c. using a
Shimadzu GC-1C gas chromatograph with flame-ionisation 
detection. Samples of the supernatant (5-10yl) were 
injected onto a glass Porapak-Q (100-120 mesh) (stat­
ionary phase and support) column. A column temperature 
oof 170 C and a carrier 0^) flow rate of 60ml/min were 
found to give adequate peak separation. The area under 
the peak was estimated by cutting out and weighing the 
relevant area of the chart. Ethanol and acetate concen­
trations were then estimated using isobutanol as an 
internal standard and suitable external standards.
iii. Lactate, succinate and fumarate concentrations in the 
supernatant fluids were also determined by g.l.c.
Samples of the supernatant were prepared for g.l.c. by 
a modification of the method of I.G. Young (personal 
communication). Samples of the supernatants (5ml) were 
acidified with 5 drops of concentrated HC1 and extracted 
with anhydrous diethyl ether (20ml) for 2h in a contin­
uous extraction device. The ether was then evaporated to 
dryness on a rotary evaporator and the residue treated
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with 0.5ml anhydrous Sylon-HT reagent for 2h at 25°C in 
a dessicator, to form the sylyl derivative. Samples of
the resultant solution (5-10pl) were injected onto a 
glass column containing 5% OV-101 (stationary phase) on 
VarAport-30 (support). Adequate separation of peaks was 
obtained with a column temperature rising from 65°C to 
150°C at a rate of 4°C/min, and a carrier (N£) flow 
rate of 50ml/min. The area under the peak was estimated 
as described above. Succinate, fumarate and lactate 
concentrations in the supernatant were determined by 
comparison with suitable external standards. These 
standards were prepared by subjecting known solutions 
of the carboxylic acids in growth medium to ether extrac­
tion and derivatisation procedures identical to those 
used for the supernatants.
4. Assay of fumarate reductase activity.
Cells were grown anaerobically in filled, stoppered bottles as described 
above, and were harvested and washed once with 30% (w/v) sucrose-30mM 
glycylglycine pH8.0, and resuspended in this medium to an E  ^°f 1.6. 
Spheroplasts of these cells were prepared by a method developed in this 
department (P.J. Wookey, personal communication). EDTA and lysozyme 
were added to the cell suspension to 0.4mM and 0.02 mg/ml respectively. 
The suspension was then stirred aerobically for 15min at 25°C. The 
spheroplasts thus formed were cooled on ice and sonicated for two lmin 
periods using a Branson B12 sonifier. MgCl^ was then added to the sus­
pension to lOmM final concentration. The resultant suspension, which 
contained less than 10% whole cells as determined by phase-contrast 
microscopy, was assayed for fumarate reductase activity by a modifica­
tion of the method of Spencer & Guest (1973). Samples (1.6ml) of the 
sonicated suspension were added to a cuvette together with 200yl of
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lOOmM D-lactate, 1.05ml of the suspending medium and lOOyl of 4mM
benzyl viologen (BV). The cuvette was incubated at 30°C for 10min
and the BV was then reduced in situ with approximately 50yl of 20mM
sodium dithionite. Reaction was initiated by the addition of 20yl M
potassium fumarate and was followed spectrophotometrically at 550nm and 
o30 C in a Cary 14 spectrophotometer. Reaction rates were calculated
Ousing a value of 7.73 x 10 for the molar extinction coefficient of 
reduced BV (Spencer & Guest, 1973). Oxidation of BV in the absence of 
exogenous fumarate was slow. The stock dithionite solution, the 
sonicated suspension and the stock fumarate solution were continuously 
purged with ^  during the experiment. Protein was measured by the 
biuret reaction.
5. Measurement of uptake in phosphate-buffered medium.
Serine uptakes and some proline uptakes were measured in phosphate- 
buffered medium. For serine uptakes this medium was the same as that 
used for growth except that glucose was at 20mM; for proline uptakes 
chloramphenicol (50yg/ml, final concentration) was also added and 
glucose was again at 20mM. Cells were harvested, washed three times 
with the phosphate-buffered medium and resuspended in the same medium 
to an EgßQ of 0.3-0.4 for serine uptakes and 0.6-1.0 for proline uptakes.
The cell suspensions were stored on ice until required.
For the uptake assays, samples of the cell suspension (5ml) were 
either shaken aerobically in an orbital water bath at 37°C and 300rpm,
(aerobic conditions), or were continuously purged with N2 at 37°C in 10ml 
capped tubes, (anaerobic conditions). Nitrate and fumarate (both 5mM) C Vs saA**')
and uncoupler (20yM) were added, where appropriate, at the start of
incubation. Uptake was initiated by the addition of ^-purged solutions 
14of [ C] serine or proline to final concentrations of 50 and lOOyM res­
pectively. Samples (0.5ml) of the cell suspension were withdrawn at
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the appropriate times and were passed through filter membranes (cellulose
acetate, pore size 0.45y). The filters were immediately washed with two
2ml lots of wash solution at 25°C, delivered by an automatic washing
device. The "wash solution" contained lOmM triethanolamine-HCl pH7.0,
lOOmM KCl, lOmM (NH.)„SO.,ImM MgSO, and 5mM K„HPO,. The washed, damp4 2 4 4 2 4
membranes were dried at 100°C and placed in glass vials, each containing 
6ml of Bray’s (1960) scintillant in which the fluors had been replaced 
by 5-(4-biphenyl)-2-(4-t-butylphenyl)-l-oxa-3,4-dione (Butyl-PBD) (Scales, 
1967) at 0.6% (w/v). The membranes were dissolved in the scintillant by 
shaking the vials at 37°C. The vials were cooled and then counted for 
radioactivity in a Packard liquid-scintillation spectrometer model 3320.
Standard counts for radioactivity were carried out daily on stock
solutions. Counts of cellular radioactivity were routinely corrected 
for background radiation and non-specific adsorption of radioactive 
material to the membrane filters by using as blanks, membrane filters, 
through which standard dilutions of the stock solutions (without bacteria) 
had been passed and which had been washed and treated in the usual way. 
Such corrections were small.
Cell density was routinely measured directly after the completion 
of the uptake assays, as described above. Results of uptake are expressed
as nmol of substrate taken up per mg dry weight bacteria, using an
lcmexperimentally determined conversion factor of E ^ q of 1.0 equals 0.43 mg 
dry wt./ml (H. Rosenberg, personal communication).
Cells were preincubated with inhibitors, where appropriate, for 
5min prior to initiation of uptake.
6. Determination of the acid-soluble "pool" during uptake.
Samples of the cell suspension (0.5ml) were withdrawn at the appropriate 
times during uptake and each sample was rapidly mixed with 0.5ml 10%
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(w/v) trichloroacetic acid (TCA). Samples (0.5ml) of the resultant 
suspension were membrane-filtered and the filters washed and treated 
as described above.
7. Measurement of proline uptake and proton movements in lightly-
buffered medium.
Anaerobically-grown cells were harvested, washed twice with lOOmM KCl-2mM 
glycylglycine pH7.0 (lightly-buffered medium) (West & Mitchell, 1973), 
and resuspended in this medium to an E ^ q of exactly 3.0. Cells were 
then stored till required on ice under ^  to minimise any inhibition of 
components of the anaerobic electron transport systems by exposure to 
air. No special precautions against such inhibition were taken during 
harvesting, and washing procedures. These procedures required approx­
imately 45min to complete.
Aliquots of the cell suspension (2.5ml) were incubated at 37°C in 
a water-jacketed, capped, 5ml capacity glass cell containing a Philips 
C14/20 pH electrode connected to a Radiometer pH26 pH meter. pH move­
ments were recorded using a Rikadenki TCO 2001 recorder. The response 
time of this equipment was approximately 4s under the conditions used. 
KSCN was added at the start of incubation to 50mM final concentration. 
Nitrate (8mM) and fumarate (4mM) were also added where appropriate at 
the start of incubation. The cell suspension was then vigorously 
bubbled with for 5min. All additions to the cell suspension after 
this time were from I^-purged solutions. The cells were stirred magnet­
ically under N2 throughout the experiment.
When the external pH of the incubated cell suspension was steady,
50 nmoles of D-glucose was added to the equilibrated cells. This caused 
a reproducible fall in medium pH (see below). At the point of maximal 
medium acidification, two types of assay were carried out on alternate 
samples : (a)[^Cl proline was added to lOOyM final concentration and
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samples of the cell suspension (0.2ml) were withdrawn at the appropriate
times, filtered and the filters washed and treated as described above, 
or (b) the uncoupler CCCP was added as the neutral potassium salt, in 
50%(v/v) ethanol, and the pH movements recorded. pH movements were 
routinely calibrated by the addition of known amounts of HC1 to the cell 
suspension.
C. Results
1. Growth characteristics of the bacterial strains used.
The frd mutation had no significant effect on either the growth 
rate or the growth yield of aerobic growth on glucose. However, in con­
firmation of the findings of other workers (Butlin et al., 1973; Cox 
et al. 1974), the presence of either the uncB or the unc-405 mutation
resulted in a lowered aerobic growth yield on glucose (Results not shown).
The growth yield, of all the bacterial strains used in this study, 
for anaerobic growth on glucose, was a linear function of glucose con­
centration up to 5mM glucose (Result not shown). The growth rates and 
growth yields of these strains for anaerobic growth on 5mM glucose in 
filled, stoppered bottles, are shown in Table 1. Fumarate and nitrate 
were added to the growth medium as shown in the table. The correspond­
ing growth rates and growth yields for anaerobic growth under H2 /CO2
were similar (Result not shown). All data shown are averages of two 
determinations.
It can be seen that under anaerobic conditions, neither the uncB
mutation alone, nor the frd mutation alone was sufficient to abolish 
growth on glucose, though the presence of either mutation decreased 
both the rate and the yield of such growth. The effects of the uncB 
mutation but not those of the frd mutation were overcome by the addition
of fumarate to the growth medium (Table 1).
TABLE II 1. Characteristics of anaerobic growth of mutant strains
defective in the coupling ability of the Mg-ATPase or 
in fumarate reductase activity, or in both activities.
Strain Relevant
genetic
loci
Added
electron
acceptor
Final optical 
density 
(^660nm)
m.g.t. * 
(h)
AN259 wild-type none 0.37 1.1
AN259 wild-type potassium
fumarate
(5mM)
0.38 1.1
AN283 uncB none 0.24 3.4
AN283 uncB potassium
fumarate
(5mM)
0.37 1.4
AN285 unc-405 none 0.05 >16
AN285 unc-405 potassium
fumarate
(5mM)
0.35 2.1
AN472 frd none 0.23 2.6
AN480 uncB,frd none 0.04 >13
AN480 uncB,frd potassium
nitrate
(lOmM)
0.46 2.8
AN480 uncB,frd potassium
nitrate
(75mM)
0.47 2.4
Cells were grown anaerobically, on 5mM glucose plus added electron 
acceptors as shown, in filled, stoppered bottles, as described in 
"Methods". Sterile samples of the cell suspension were taken at the 
appropriate times between early exponential phase and cessation of 
growth and their optical densities measured as described in "Methods".
* Abbreviation : m.g.t., mean generation time.
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Anaerobic growth of strain AN285 (unc-405), on glucose alone,
was slow and small but was enhanced by the addition of fumarate to the 
growth medium. This result confirms those of Cox et al. (1974).
Similarly, anaerobic growth of strain AN480 (uncB,frd) on glucose alone 
was slow and small, but was enhanced by the addition of nitrate to the 
growth medium.
2. Analysis of the metabolic products of glucose formed during
anaerobic growth or during anaerobic incubation under non­
growing conditions.
Table 2 shows the concentrations in the supernatant fluids of the tested 
products of glucose metabolism formed during anaerobic growth. Ethanol 
and acetate concentrations are the average of two determinations. More 
variability was encountered in estimations of lactate, pyruvate, succinate 
and fumarate, and the concentration of these substances is therefore 
expressed as the mean of four determinations + the standard deviation.
Cells of strain AN259 (wild-type) extracted with HC10 as described4
in "Methods", contained no detectable succinate of fumarate, and only 
traces of lactate and pyruvate, showing that by far the major proportion 
of the products of glucose metabolism, formed during growth, was effluxed 
into the medium during that growth (Result not shown).
Table 2 shows that little pyruvate or lactate accumulated in the 
supernatant during growth of any of the tested strains, but all strains 
produced large amounts of ethanol and/or acetate. The ratio of ethanol 
to acetate in the supernatant fluids was roughly comparable in strains 
AN259, AN285(unc-405) and AN283(uncB). The ratio of ethanol to acetate 
in supernatants from strain AN480(uncB,frd) was low. Table 2 also shows 
that supernatants from strains AN259, AN283 and AN285 contained large 
amounts of succinate after anaerobic growth. The amount of succinate 
formed by strains AN259 and AN283 during anaerobic growth was increased
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TABLE II 2: Concentrations of metabolic products present in the medium after anaerobic growth on glucose.
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considerably by the addition of fumarate to the growth medium. Super­
natants from strains AN472(frd), and AN480 did not contain succinate 
after anaerobic growth of these strains.
Table 3 shows the concentrations of lactate, pyruvate, succinate 
and fumarate found in the supernatants after anaerobic incubation of 
strains AN283 and AN285 under non-growing conditions, in the absence of 
added fumarate, with lOmM glucose as carbon source. The results are an 
average of two determinations. It can be seen that more lactate accumu­
lated in the supernatant in the case of strain AN283 than in that of 
strain AN285 or in that of strain AN283 after anaerobic growth (Tables 
2 and 3). The reason for this is unclear. It can also be seen that the 
supernatant from strain AN285 contained far less succinate than that 
from strain AN283.
3. Assay of fumarate reductase activity
After anaerobic growth on glucose plus fumarate in filled, stoppered 
bottles, suspensions of sonicated spheroplasts were prepared from cells 
of strains AN283 and AN285 and used in assays of fumarate reductase 
activity (see "Methods"). In suspensions from strain AN283, the rate of 
fumarate-dependent oxidation of reduced benzyl viologen was 68nmoles/min/ 
mg protein. The corresponding rate in suspensions from strain
AN285 was 110nmoles/min/mg protein (single determinations).
4. Uptake of proline in phosphate buffered-medium
Figure 1 shows the aerobic uptakes of proline in aerobically-grown cells 
of the various mutant strains used in this study. It can be seen that 
neither mutations in the coupling ability of the Mg-ATPase (AN283(uncB), 
AN285(unc-405)), nor in fumarate reductase activity (AN472(frd)), nor 
in both activities (AN480(uncB,frd)) had any large effect on aerobic 
proline uptake. Figure 2 shows that aerobic uptake of proline in strain
TABLE II 3 : Concentration of metabolic products present in the
medium after anaerobic incubation with glucose under 
non-growing conditions.
Strain Relevant Concentration (mM) in supernatant
genetic
loci Lactate Pyruvate Succinate Fumarate
AN283 uncB 3.0 0.15 0.8 0.1
AN285 unc-405 0.14 0.19 0.1 0
Cells were grown anaerobically in filled, stoppered bottles on glucose 
plus fumarate, harvested, and incubated anaerobically on glucose under 
non-growing conditions as described in "Methods". Supernatants were 
then analysed for the substances shown as described in "Methods".
FIG. II 1 : Aerobic proline uptake in phosphate-buffered medium.
20
Time (min)
Cells were grown aerobically on 5mM glucose and prepared as described 
in "Methods". Uptake of proline was initiated by the addition of 
lOOyM [14C] proline and was measured as described in "Methods".
I, AN259; d ,  AN283; ®,AN285; A, AN472; A,AN480.
FIG. II 2 : Aerobic uptakes of proline in strain AN480 in 
phosphate-buffered medium.
Time (min)
Cells were grown aerobically on 5mM glucose and were prepared as described
in "Methods". Proline uptake was initiated and assayed aerobically as 
described in "Methods". Additions : LU, none; ^1, 20mM glucose;
A ,  20mM glucose plus 40yM CCCP.
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AN480 was stimulated 4-5 fold by added carbon source and was totally
sensitive to the uncoupler CCCP. Uptake in other strains was similar 
(Result not shown). All data shown are average of 3 to 6 determinations.
The curves shown in Figs. 1 and 2 are also qualitatively repres­
entative of the anaerobic uptakes observed. Rates of anaerobic uptake 
deviated from linearity over the first minute of uptake and uptake still 
occurred at 4min, the last reading taken. In order to avoid unnecessary 
repetition of figures, data on anaerobic uptakes have been tabulated 
(Table 4). All data shown are averages of 4 to 6 determinations.
It can be seen (Table 4 and Fig.l) that under anaerobic conditions 
in the presence of glucose, strains AN472 and AN259 took up proline at 
approximately 50 and 25% of their respective aerobic rates. This 
anaerobic uptake was not stimulated by fumarate (Table 4). The uptake 
of proline in anaerobic cells of anaerobically-grown strain AN480 in 
the presence of glucose was indistinguishable from uptake in the absence 
of added carbon source, but was stimulated by nitrate plus glucose 3-5 
fold to approximately 15% of the aerobic rate. Glucose alone, under 
anaerobic conditions, stimulated proline uptake in strain AN283 slightly 
(see 4min reading) but had no effect on proline uptake in strain AN285. 
Fumarate in the presence of glucose caused a further slight stimulation 
of proline uptake in anaerobic cells of strain AN283 and stimulated 
uptake in strain AN285 approximately 4 fold to about 6% of the rate in 
aerobic cells (Table 4 and Fig.l).
In all cases tested, anaerobic proline uptake was completely 
sensitive to the uncoupler CCCP (Table 4).
Approximately 90% of the proline taken up by cells of strain 
AN480, under anaerobic conditions in the presence of chloramphenicol, 
was present as an acid soluble "pool" within the cells (Table 5)
(average of 3 determinations).
TABLE II 4 : Proline uptake in phosphate-buffered medium in
anaerobically-grown mutants of E.coli defective 
in aspects of energy metabolism.
Strain and 
relevant
Added
electron
Electron acceptor 
and
Proline uptake 
(nmol/mg dry wt. )
genetic
loci
acceptor 
in growth
other additions 
in uptake at 30s at 4min
AN259 None 0.1 0.4
(wild) None Glucose 1.0 4.7
Glucose + fumarate 1.1 4.4
Glucose + CCCP 0.2 0.2
AN283 None 0.2 0.6
(uncB) fumarate Glucose 0.2 1.0
Glucose + fumarate 0.3 1.3
Glucose + fumarate 
+ CCCP 0.0 0.1
AN285 None 0.1 0.2
(unc-405) fumarate Glucose 0.0 0.2
Glucose + fumarate 0.4 0.8
Glucose + fumarate 
+ CCCP 0.1 0.0
AN472 None 0.3 0.7
(frd) None Glucose 2.6 9.7
Glucose + fumarate 2.4 8.9
Glucose + CCCP 0.0 0.2
AN480 None 0.1 0.4
(uncB,frd) Nitrate Glucose 0.1 0.5
Glucose + nitrate 0.75 2.0
Glucose + nitrate 
+ CCCP 0.0 0.3
Cells were grown anaerobically in filled stoppered bottles on 5mM glucose 
and with fumarate (5mM) and nitrate (lOmM) added as shown, and were 
prepared and incubated anaerobically (see "Methods"). Uptake was measured 
anaerobically as described in "Methods". Additions were made to the up­
take medium at the start of incubation as shown and to the following 
final concentrations : glucose, 20mM; nitrate, 5mM; fumarate, 5mM;
CCCP, 20pM.
TABLE II 5 : Determination of the acid-soluble "pool", after uptake
of proline in phosphate-buffered medium, in anaerobic 
cells of anaerobically-grown strain AN480.
Time
(s)
Total uptake 
nmol/mg dry wt.
acid-insoluble 
uptake
nmol/mg dry wt.
% uptake in
acid-insoluble
material
30 1.1 .1 9.0
60 1.5 .16 10.6
120 2.1 .18 8.6
240 2.7 .4 14.8
Cells were grown anaerobically in filled, stoppered bottles on 5mM 
glucose plus 75mM nitrate and were prepared and incubated as described 
in "Methods". Proline uptake was assayed, and the acid-soluble "pool" 
was determined, under anaerobic conditions, as described in "Methods". 
Nitrate (5mM) was added to the incubation medium prior the initiation 
of uptake.
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5. Uptake of serine in phosphate-buffered medium.
Aerobic uptakes of serine were similar in all strains tested (Rosenberg 
et al., 1975; S.J. Gutowski, result not shown). Thus neither the frd 
mutation nor the unc mutations had any effect per se on the levels or 
activities of the serine transport system.
The curve shown in Fig. 1 is qualitatively representative of
observed uptakes of serine under anaerobic conditions. Rates of uptake 
deviated from linearity over the first 2min of uptake and uptake still 
proceeded at 8min, the last reading taken. The results of studies on 
serine uptake, under anaerobic conditions, with the various mutant 
strains defective in aspects of anaerobic energy production are shown 
in Table 6. It can be seen that fumarate did not stimulate serine 
uptake under anaerobic conditions in strain AN259(wild-type) and was 
slightly inhibitory in strain AN472(frd). On the other hand, fumarate 
stimulated anaerobic serine uptake approximately two-fold in strain 
AN285(unc-405) and in strain AN283(uncB) (Result not shown). Nitrate 
caused a similar stimulation in strain AN480(uncB,frd)(Table 6). All 
results shown are averages of 4 to 6 determinations.
It should be remembered that serine uptakes were done in the
absence of chloramphenicol. Table 7 shows that about 20-30% of the serine 
taken up was present as acid-insoluble material within the cells. This 
percentage of acid-insoluble material varied from strain to strain and 
was as high as 50% in strain AN259 (Result not shown) (averages of 3 to 
6 determinations).
6. Anaerobic proline uptakes and proton movements in lightly-buffered
medium.
Figure 3 shows the pH changes observed on the addition of 50 nmoles of 
D-glucose to equilibrated anaerobic cells of strain AN259(wild-type), 
and on the addition of CCCP after the completion of the glucose-induced
TABLE II 6 : Serine uptake in phosphate-buffered medium, under
anaerobic conditions, in anaerobically-grown cells 
of strains of E.coli K12 defective in aspects of 
energy metabolism.
Strain and Added electron Electron acceptor Serine uptake(nmol/mg
relevant
genetic
acceptor in 
growth
and
other additions
dry wt, 
at
.)
loci in uptake 2min 8min
AN259 glucose 25.6 47.9
wild-type None glucose + fumarate 21.0 49.0
glucose + 
+
fumarate
CCCP 0.7 1.5
AN285 5mM glucose 6.5 12.1
(unc-405) potassium glucose + fumarate 12.3 31.5
fumarate glucose + 
+
fumarate
CCCP 1.2 2.8
AN472 None glucose 17.0 27.8
(frd) glucose + fumarate 15.0 22.5
glucose + 
+
fumarate
CCCP 0.8 1.3
AN480 75mM glucose 5.7 9.6
(uncB,frd) sodium glucose + nitrate 11.1 18.3
nitrate glucose + 
+
nitrate
CCCP 0.3 2.0
Cells were grown anaerobically in partly-filled bottles under an
atmosphere of H2 /CO2 , on 5mM glucose, plus added electron acceptor 
as shown. Cells were prepared and incubated anaerobically. Serine 
uptake was measured under anaerobic conditions. For further details 
see "Methods". Additions in uptake were to the following final con­
centrations : glucose, 20mM; fumarate, 5mM; nitrate, 5mM; CCCP, 20yM
TABLE II 7 : Determination of the acid-soluble "pool" during
anaerobic serine uptake, in phosphate-buffered
medium, in cells of strain AN285.
Added electron 
acceptor in 
uptake
Time
(min)
Total uptake 
(nmol/mg dry 
wt.)
acid-insoluble
uptake
(nmol/mg dry wt.)
% uptake 
in acid- 
insoluble 
material
2 4.1 1.0 24
None
8 9.1 2.6 28
5mM 2 7.5 1.5 20
potassium
fumarate
8 21.4 6.5 30
Cells were grown anaerobically under H2 /CO2 on 5mM glucose plus 5mM
fumarate and prepared as described in "Methods". Serine uptake was 
assayed and the acid-soluble "pool" was determined, under anaerobic 
conditions, as described in "Methods".
FIG. II 3 : pH movements on the addition of glucose and CCCP to 
anaerobic cells of anaerobically-grown strain AN259
in lightly-buffered medium.
pH 6.9
CCCPI
glucose
I i
100
nmol
HCI
Cells of strain AN259 were grown anaerobically in filled, stoppered 
bottles, prepared and incubated anaerobically at an E ^ q of 3.0 in 
lightly-buffered medium as described in "Methods". Glucose and CCCP 
were added to equilibrated cells as shown, to 20yM and 40yM final 
concentration respectively.
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fall in medium pH. Addition of proline to the cell suspension on the
completion of the glucose-induced acidification phase had no effect on 
medium pH (Result not shown).
Table 8 shows the alkalinisation of the medium observed on CCCP 
addition to anaerobic cells of the various mutant strains after glucose
addition (see Fig.3). Each result is the mean of 5 determinations + 
the standard deviation. Addition of CCCP to a cell suspension collapses 
any proton gradient established by the cells. Thus the CCCP-induced 
alkalinisation after glucose addition was a measure of the proton gradient 
established by the cells after glucose addition (see below).
Fig. 4 shows the observed uptake of proline in anaerobic cells
of anaerobically-grown strains AN259(wild)(Fig.4(a)), AN472(frd)(Fig.
4(b)) and AN285(unc-405) (grown with fumarate) (Fig.4(c)). Fig. 5 shows 
the corresponding uptake of proline in strain AN283(uncB), grown without 
fumarate (Fig.5(a)) and with fumarate (Fig.5(b)), and in strain AN480 
(uncB,frd) (grown with nitrate) (Fig.5(c)). Note the different scales 
used in different diagrams. Each result is an average of five determin­
ations.
It can be seen (Figs.4 and 5; Table 8) that fumarate was required 
both for proline transport and for the production of a CCCP-collapsible
proton gradient in strain AN283, grown with or without fumarate, and in 
strain AN285 (grown with fumarate), but was not required for either 
process in strain AN472. Nitrate was similarly required for both pro­
cesses in strain AN480.
The effect of fumarate on strain AN259 was more complex. It 
increased the CCCP-collapsible proton gradient by about 60% (Table 8).
It also stimulated proline uptake Fig.4(a). However, this stimulation 
of uptake was initially quite slight (see 30s and lmin readings) , but 
increased with time : proline uptake reaching a value of 3nmol/mg dry
wt. in the presence of fumarate, but only a value of 0.9nmol/mg dry wt.
TABLE II 8 : Alkalinisation of the medium caused by CCCP addition, 
glucose addition, to anaerobic cells of mutants
of E.coli K12 in lightly-buffered medium.
Strain & Added Added electron CCCP- % stimulation of
relevant electron acceptor in induced alkalinisation
genetic acceptor incubation alkalinisa­ by added electron
loci in growth tion
✓ _ ___ Lv
acceptor
(nmol H+)
AN259
none
none 35+6 -
(wild-type) 4mM fumarate 56+11 61+28
AN283
none
none 1+1 -
(uncB) 4mM fumarate 16+4 ND*
AN283 5mM none 8+6
(uncB) fumarate 4mM fumarate 36+14 ND
AN285 5mM none 2+2—
(unc-405) fumarate 4mM fumarate 36+11 ND
AN472 none 44+10none —
(frd) 4mM fumarate 40+9 0+10
AN480 7 5mM none 5+5
(uncB,frd) nitrate 8mM nitrate 55+11 ND
Cells were grown anaerobically in filled, stoppered bottles on 5mM 
glucose, and with added electron acceptors as shown, as described in 
"Methods". Cells were prepared and incubated anaerobically at an E ^ q 
of 3.0. Glucose (50nmoles) was added to equilibrated cells and, at the 
end of the glucose-induced acidification of the medium, CCCP was added 
to 40yM and the pH movements recorded. For further details see "Methods". 
Electron acceptor was added in incubation as shown.
* Abbreviation : ND, not able to be determined.
FIG. II 4 : Anaerobic proline uptake in lightly-buffered medium.
(a) 4 r (b) 4,-
Cells were grown anaerobically in filled, stoppered bottles and prepared 
and incubated anaerobically at an E ^ q of 3.0 as described in "Methods". 
Proline uptake was initiated and assayed anaerobically as described in 
"Methods". Closed symbols refer to proline uptake in the presence of 
fumarate, open symbols to proline uptake in the absence of fumarate.
(a) strain AN259; (b) strain AN472; (c) strain AN285 (grown with 
fumarate).
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FIG. II 5 : Anaerobic proline uptake in lightly-buffered medium.
(a) osr (b) 25
Time (min)
See Fig. 4 for methods. (a) strain AN283 grown without fumarate :
I, plus fumarate in uptake; CD, minus fumarate in uptake. (b) strain 
AN283 grown with fumarate : H ,  plus fumarate in uptake; CD, minus
fumarate in uptake. (c) strain AN480 grown with nitrate : H,plus
nitrate in uptake ; CD, minus nitrate in uptake.
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in the absence of fumarate. On reaching the maximum value, proline
uptake in strain AN259 in the absence of fumarate began to decline. No 
decline in proline uptake was observed in the presence of fumarate.
Thus in this case the effects of fumarate on proline uptake and on the 
production of the CCCP-collapsible proton gradient appeared to be 
different.
A possible explanation for this difference may lie in the phen­
omenon shown in Table 9. It can be seen here that in most cases the 
magnitude of the CCCP-collapsible proton gradient 8min after the end 
of the glucose-induced acidification phase was roughly equal to or 
slightly higher than the magnitude immediately at the end of the acid­
ification (see Fig.3). In the case of strain AN259 incubated without 
fumarate, however, the magnitude of the CCCP-induced alkalinisation 
declined markedly over this 8min period. Results with strain AN259 are 
an average of two determinations. Results with other strains are single 
determinations.
D. Discussion
(i) Anaerobic growth of mutants defective in various aspects of 
energy metabolism.
Since the frd mutation had little effect on aerobic growth (Result not 
shown) it would appear that fumarate reductase played little part in 
aerobic growth on glucose even though it was probably induced under these 
conditions (Spencer & Guest, 1973). Strains AN283(uncB), AN285(unc-405) 
and AN480(uncB,frd) were all capable of aerobic growth on glucose. 
However, in confirmation of previous studies (Butlin et al., 1973;
Cox et al., 1974), both the uncB and the unc-405 mutations resulted in a 
lowered aerobic growth yield showing that though the Mg-ATPase was not 
essential for aerobic growth on glucose, oxidative phosphorylation via
the Mg-ATPase was nevertheless an important source of ATP during such
TABLE II 9 : Variation of the magnitude of the CCCP-induced alkalinis-
ation of the medium, with time, in anaerobic cells of
mutants of E.coli K12 in lightly-buffered medium.
Strain & Added Added CCCP-induced alkalinisation(nmol H+)
relevant electron electron
genetic
loci
acceptor 
in growth
acceptor
in
incubation
at the end of 
acidification
8min after the end 
of acidification
AN259 none none 28 9
(wild-type) 4mM
fumarate 74 91
AN472
(frd) none none 33 33
AN283 none 4mM 1 9 l ft(uncB) fumarate J_0
AN283 5mM 4mM
(uncB) fumarate fumarate 64 62
AN285 5mM 4mM
(unc-405) fumarate fumarate 24 22
AN480 lOmM 8mM
(uncB,frd) nitrate nitrate 93 83
For methods see Table 8. CCCP was added here either immediately at the
end of the glucose-induced acidification of the medium (see Fig.3) or
8min after this time.
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growth (Results not shown).
Under anaerobic conditions, the mutants used in this study showed 
different characteristics for growth on glucose. Strains AN472(frd) and 
AN283(uncB) could both grow anaerobically on glucose alone, though both 
strains had reduced growth yields. However, the small amount of growth 
observed with strain AN480(uncB,frd) under anaerobic conditions in the 
absence of nitrate (Table 1) was probably due solely to a small amount 
of aerobic growth due to dissolved oxygen in the medium at the start of 
growth and to aerobic contamination during sampling, rather than to any 
anaerobic growth.
Strain AN472 possessed a functional coupled Mg-ATPase but no 
fumarate reductase activity. On the other hand, the accumulation of 
succinate in the medium after anaerobic growth of strain AN283 on glucose 
alone (Table 2) showed that, though this strain did not possess a coupled 
Mg-ATPase, it induced fumarate reductase under these conditions. Strain 
AN480, however, possessed neither of these activities and required the 
addition of nitrate to the growth medium for anaerobic growth.
Thus, for anaerobic growth on glucose the presence of either a 
coupled Mg-ATPase or fumarate reductase activity was sufficient. In the 
absence of both systems anaerobic growth on glucose was abolished but 
could be regained by the addition of nitrate to the growth-medium.
These results extend those of Yamamoto et al., (1973) and show conclus­
ively that the "high-energy" membrane state was required for anaerobic 
growth on glucose.
Since the growth-yields of strain AN259(wild) and strain AN283
(uncB) (grown with fumarate) were identical, it would appear that phos­
phorylation coupled to electron flow to fumarate was not an important 
source of ATP in anaerobic growth on glucose of the wild-type strain
(Table 1). Thus the major function of the Mg-ATPase under anaerobic
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conditions may have been ATP hydrolysis coupled to the formation of the 
"high-energy" membrane state.
The lack of accumulation of lactate and pyruvate in supernatants 
from the anaerobic growth of any of the strains tested, coupled with the 
large amounts of ethanol and/or acetate found in these supernatants 
(Table 2) suggests that all the above-mentioned strains possessed an 
active system for the phosphoroclastic cleavage of pyruvate.
Several observations remain to be explained. Firstly, the anaer­
obic growth-yield of strain AN472(frd) was lower than that of strain 
AN259(wild). In the wild-type strain, ATP hydrolysis by the Mg-ATPase 
and fumarate reductase activity (Table 2) will both have contributed to 
the formation of the "high-energy" membrane state, though their relative 
importance is unclear. The low growth-yield of strain AN472 may thus 
have reflected an increased hydrolysis of glycolytically-produced ATP 
via the Mg-ATPase, in the formation of the "high-energy" membrane state, 
in compensation for the lack of fumarate reductase activity.
The anaerobic growth-yield of strain AN283(uncB) (without fumarate)
was also low. This result is in contrast to the results of previous 
workers who obtained growth-yields for this mutant, on glucose alone, 
similar to those obtained with the wild-type strain (Butlin, 1973;
Butlin et al., 1973). However, those workers now also find that the 
anaerobic growth-yields on glucose alone, of strains carrying the uncB 
mutation are reduced (G.B. Cox personal communication). The reasons 
for this low growth-yield and for the change in behaviour of strains 
carrying the uncB mutation are unclear.
The anaerobic growth-yield of strain AN480(uncB,frd), grown on 
glucose plus nitrate, was high. The low ratio of ethanol to acetate 
found in supernatants from strain AN480 grown with glucose plus nitrate 
(Table 2) suggests that growth on nitrate resulted in a more oxidative
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type of metabolism than growth on fumarate. This change in metabolism 
may well have contributed to the high growth yield.
The small amount of growth on glucose observed with strain AN285 
(unc-405), under anaerobic conditions in the absence of fumarate, was 
probably caused by aerobic contamination. Thus, this strain did not grow 
anaerobically under these conditions. Addition of fumarate to the growth- 
medium allowed anaerobic growth of this strain to proceed with a growth- 
yield similar to that of the wild-type strain (Table 1). These results 
confirm those obtained previously (Cox et al., 1974) and suggest that 
the unc-405 mutation, like the uncA mutation (Butlin et al., 1973) may 
have caused a secondary defect in fumarate metabolism in strain AN285, 
not found in strain AN283(uncB). Table 2 shows that after anaerobic 
growth on glucose in the presence of added fumarate, supernatants from 
strain AN285 contained large amounts of succinate. Thus strain AN285 
induced fumarate reductase during this growth. In fact, after anaerobic 
growth on glucose plus fumarate, strain AN285 possessed higher levels 
of fumarate reductase activity than strain AN283(uncB) grown under sim­
ilar conditions (see "Results"). However, Table 3 shows that, on incuba­
tion of cells of strains AN283 and AN285 under non-growing conditions in 
the absence of fumarate with lOmM glucose as carbon source, only O.lmM 
succinate accumulated in the supernatant from strain AN285 as compared to 
0.8mM in that from strain AN283. It thus appears that the unc-405 mutation 
did indeed cause a secondary defect in fumarate metabolism not found in 
strains carrying the uncB mutation, and that this defect was in fumarate 
production from glucose. The effect of this defect, on anaerobic growth 
of this strain, may also have been amplified by a failure to induce fumarate 
reductase in the absence of added fumarate, due to the low (or zero) levels 
of endogenous fumarate produced.
(ii) Anaerobic uptakes of proline and serine in phosphate-buffered 
medium.
The aerobic uptake of proline was energy-dependent (Fig. 2). It was
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similar in all strains tested (Fig.l). It is thus unlikely that the
mutations present in any of the strains used had any large effect per se 
on the levels or activity of the proline transport system.
The unc and frd mutations did, however, have a considerable effect 
on anaerobic proline uptake in phosphate-buffered medium. Rates of anaer­
obic proline uptake were in all cases lower than the respective rates of 
aerobic uptake, and varied considerably from strain to strain (Table 4).
The lowest rates of proline uptake were obtained with anaerobic cells 
of strain AN285(unc-405)♦ However, assuming a value for the internal 
cell volume of E.coli of lym , it can be calculated that the intracellular 
concentration of proline in strain AN285 under anaerobic conditions at 
4min was approximately 5 times the medium concentration. This calculation 
presumes that all the proline taken up remained unchanged. Table 5 shows 
that in cells of strain AN480(uncB,frd) only about 10% of the proline 
taken up was present as acid-insoluble material, and strain AN285 would 
be expected to have behaved similarly. It is thus likely that the 
anaerobic uptake of proline was an active transport process in all 
strains tested.
Table 4 shows that the anaerobic uptake of proline could be ener­
gised by either ATP hydrolysis by the Mg-ATPase (strain AN472(frd)) or 
by electron flow to nitrate or fumarate (strain AN480(uncB,frd)(4- nitrate), 
strain AN285(unc-405)(+ fumarate)). Neither system was required per se 
for this energisation of uptake but in the absence of both systems (strains 
AN480 or AN285 in the absence of added electron acceptor) anaerobic 
proline uptake was abolished. Thus, anaerobic proline uptake was ener­
gised by the Mhigh-energy" membrane state, just as aerobic proline uptake 
(Klein & Boyer, 1972). The complete abolition of anaerobic proline up­
take by the uncoupler CCCP (Table 4) supports this conclusion. The 
slight stimulation of proline uptake by glucose alone found in strain 
AN283 but not in strain AN285 (Table 4) is consistent with a defect in
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fumarate production from glucose in the latter strain, not shared by
strain AN283 (see above). The reason for the high rates of anaerobic
proline uptake in strain AN472(frd), as compared to strain AN259(wild), 
is unclear.
Results obtained for anaerobic serine uptake (Table 6) were similar
to those obtained for anaerobic proline uptake (Table 4) but were less 
clear cut. All rates of anaerobic serine uptake were considerably less 
than the corresponding aerobic rates (Rosenberg et al., 1975; Results 
not shown) and varied from strain to strain. Rates of anaerobic serine 
uptake in strain AN472(frd) were approximately 60% of the rate in wild- 
type cells, and were unaffected or possibly slightly inhibited by fum- 
arate. Fumarate stimulated anaerobic serine uptake approximately two­
fold in strain AN285 to about 60% of the wild-type level (Table 6) and 
caused a similar stimulation in strain AN283 (Result not shown).
Nitrate stimulated serine uptake under anaerobic conditions in strain 
AN480 approximately twofold to about 35% of the level in wild-type 
cells (Table 6.) Thus again it would appear that ATP hydrolysis by the 
Mg-ATPase and electron transport to either nitrate or fumarate were 
alternative means of stimulating serine uptake under anaerobic conditions 
and thus such uptake was very probably energised by the "high-energy" 
membrane state, just as aerobic uptake (Van Thienen & Postma, 1973).
The 90-97% inhibition of serine uptake by CCCP (Table 6) supports this 
contention. Considerable uptake of serine was, however, observed in 
the absence of electron acceptors in strains AN480 and AN285 (Table 6). 
Thus a considerable proportion of anaerobic serine transport was inde­
pendent of the "high-energy" membrane state. Table 7 shows that this 
transport could not be wholly accounted for by the incorporation of 
serine into macromolecules, even though no chloramphenicol was added to 
the uptake medium for serine uptakes. However, serine is a reactive 
compound and it is possible that the uptake which was independent of
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the "high-energy" membrane state, represented serine taken up by facili­
tated diffusion and trapped within the cell by metabolic processes. A 
study of the radioactive constituents of the intracellular "pool" estab­
lished during serine uptake would elucidate this point.
(iii) Correlation of proline uptake and the proton gradient in lightly-
buffered medium.
Addition of glucose to equilibrated cells caused a reproducible acidific­
ation of the medium. Addition of the uncoupler CCCP at the end of this 
phase of acidification caused a rapid alkalinisation of the medium, 
though the pH did not relax back to its original value (Fig.3). The 
addition of uncoupler greatly increases the permeability of membranes 
to protons (Mitchell & Moyle, 1967; see Harold, 1972), and so collapses 
any transmembranal proton gradient (Mitchell & Moyle, 1969). Thus, in 
chemiosmotic terms, the proton movements shown in Fig. 3 are explained 
as having been a phase of acidification due to proton translocation by 
the Mg-ATPase and/or anaerobic electron transport systems together with 
the production and efflux of net acid equivalents such as acetate from 
the neutral glucose, followed by a phase of alkalinisation caused by 
the uncoupler-induced collapse of the transmembranal proton gradient. 
Uncoupler would not have affected the acidification of the medium due 
to the efflux of net acid equivalents and thus the pH did not relax 
back to its original value.
The alkalinisation of the medium observed on uncoupler addition 
was therefore a measure of the proton gradient. Since the addition of 
uncoupler alters the buffering capacity of a cell suspension by making 
the cell cytoplasm freely available to added protons, the method used 
to calibrate the CCCP-induced alkalinisation (addition of known quant­
ities of HC1 after CCCP) was in error. Errors from this source were, 
however, less than 10% at the cell densities and pH values used.
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It can be seen (Table 8) that in the absence of electron acceptors, 
anaerobic cells of strains AN285(unc-405) and AN480(uncB,frd) did not 
establish a proton gradient on glucose addition. Similarly anaerobic 
cells of strain AN283(uncB) grown without fumarate did not establish a 
proton gradient on glucose addition in the absence of fumarate, and the 
establishment of such a gradient in cells of strain AN283 grown with 
fumarate but incubated without fumarate was questionable. On the other 
hand, in the presence of added electron acceptors, cells of these strains 
did establish considerable proton gradients (Table 8).
In the absence of fumarate, anaerobic cells of strains AN259(wild)
and AN472(frd) established a proton gradient on the addition of glucose 
(Table 8). Fumarate enhanced this gradient by about 60% in strain 
AN259 but had no effect on strain AN472.
Thus it would appear that neither the Mg-ATPase nor the anaerobic 
electron transport systems were required per se to form a proton gradient, 
but were alternative means of forming this gradient, just as they were 
alternative means of energising proline uptake under anaerobic conditions 
(see above). Thus a relationship was found between the proton gradient 
and anaerobic proline uptake.
To better study this relationship, proline uptakes were measured 
under conditions identical to those used in the determinations of the 
size of the proton gradient. Figs. 4 and 5 show the results of these 
studies. It can be seen (Figs. 4 and 5; Table 8) that in most cases 
there was a correlation between the magnitude of the proton gradient 
and the rate of anaerobic proline uptake. Strain AN259 incubated in 
the absence of fumarate, however, provided an apparent exception to 
this correlation. Under these conditions, the magnitude of the proton 
gradient, established by strain AN259, was comparable to that found in 
strain AN472 and was approximately 60% of the gradient found in cells
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of strain AN259 incubated with fumarate. However, though initial rates 
of proline uptake in strain AN259 under anaerobic conditions in the 
absence of fumarate were only slightly lower than those found in strains 
AN472 or AN259 incubated with fumarate (see 30s and lmin readings, Fig.
4(a) and (b)), uptake stopped at a much lower level and efflux began 
after approximately 4min of uptake. No such efflux was found with other 
strains, or with strain AN259 incubated with fumarate, over the time 
scale used. Table 9, however, shows that, in the case of AN259 incubated 
without fumarate, the magnitude of the proton gradient declined to a 
low value over the 8min period of uptake whereas no similar decline was 
observed with any of the other strains or with AN259 incubated in the 
presence of fumarate. Thus, in strain AN259 incubated without fumarate, 
a correlation was again found between the magnitude of the proton 
gradient and proline uptake.
According to the chemiosmotic hypothesis (Mitchell, 1967; Harold, 
1972), the uptake of neutral substances is energised by the proton grad­
ient by proton symport. Thus the uptake of proline would be expected 
to give rise to an alkalinisation of the medium due to co-transport of 
one or more protons with each proline molecule. However, rates of 
anaerobic proline uptake were so low that any alkalinisation of the 
medium due to the uptake of one or a few protons with each proline mole­
cule would have been indistinguishable from background pH drift. Thus, 
though no alkalinisation of the medium was observed during anaerobic 
proline uptake, this could well have been due to the lack of sensitivity 
of the system used.
In the absence of any demonstrated symport of protons with proline,
the mechanism by which the "high-energy" membrane state was coupled to 
the energisation of proline uptake remains unclear. However, the correl­
ation in all cases tested, between the magnitude of the proton gradient 
and the rate of anaerobic proline uptake argues strongly that a causal
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connection existed between the two phenomena, and that therefore the
energisation of the observed anaerobic proline uptake is best explained 
in chemiosmotic terms. Any further attempts to show proton symport 
with amino acids should concentrate on systems where the rate of uptake 
of the amino acid is high, and should probably be done at much higher 
cell densities, in unbuffered medium.
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Chapter III The energisation of the anaerobic uptake of glutamine
and inorganic orthophosphate.
A. Introduction.
Recently it was observed that the transport of some solutes showed re­
sistance to uncouplers and proceeded under anaerobic conditions in mutants 
defective in the Mg-ATPase (Berger, 1973; Berger & Heppel, 1974;
Kobayashi et al., 1974; Curtis, 1975; Cowell, 1975). The transport 
of these solutes was, in all cases, sensitive to osmotic shock (see Berger 
& Heppel, 1974; Anraku et al., 1973; Curtis, 1975; Cowell, 1975) and
it was suggested that transport systems in E.coli could be divided into 
two types, those which are insensitive to osmotic shock and are energised 
by the "high-energy" membrane state, and shock-sensitive systems which 
are associated with periplasmic binding-proteins and energised by 
"phosphate-bond energy", possibly ATP (Berger & Heppel, 1974).
For a number of reasons, the experimental evidence obtained by the 
above workers did not entirely warrant the conclusions drawn. Firstly, 
in no case was chemical analysis of the transported substrate,done under 
the same conditions as the transport assay, reported. Thus the evidence 
published by the above workers did not rule out the possibility that the 
measured uptake was not active transport but facilitated diffusion followed 
by metabolism of the substrate involving an energy-dependent reaction. 
Secondly, even if the measured uptake did indeed represent an active 
transport process, the evidence for the energisation of this process by 
"phosphate-bond energy" was inconclusive for the following reasons :
(a) the uncoupler evidence was not clear-cut in that the shock-sensitive 
systems described were only partially resistant; (b) the experiments 
with anaerobic transport in Mg-ATPase-deficient mutants did not rigorously 
exclude a possible contribution of low levels of anaerobic electron trans­
port with fumarate as electron acceptor to the energisation of solute 
uptake by shock-sensitive systems, either via the formation of the "high-
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energy" membrane state, or by some other means such as those described 
in the respiration-coupling hypothesis of Kaback (1972).
In this study, glutamine uptake was used as an example of a shock- 
sensitive transport system. Uptake was measured in a range of mutants 
of E.coli K12 defective in fumarate reductase activity, or in the ability 
to couple ATP hydrolysis by the Mg-ATPase to membrane energisation, or 
in both activities. By this means, it was hoped to gain a clearer insight 
into the mechanism of energy-coupling to this transport system.
Pi uptake was also studied in the abovementioned mutants. However, 
the mutants used were wild-type with respect to Pi uptake and thus contained 
two distinct transport systems for phosphate under the assay conditions 
used i.e. the PST and PIT systems (Willsky & Malamy, 1974). It was 
recently shown that the PST system required a periplasmic binding-protein 
for optimal activity and that the PIT system did not (Rosenberg et al., 
1976). It was also recently reported that the PST system was coupled to 
"phosphate-bond" energy and the PIT system to the "high-energy" membrane 
state (Gerdes et al., 1976). The results described below are discussed 
in this context.
B. Materials and Methods.
1. Materials
L- [U-14C] Glutamine (49mCi/mmol) was purchased from The Radiochemical 
Centre, Amersham, Bucks., U.K. Labelled orthophosphate (carrier-free) 
was obtained from the Australian Atomic Energy Commission, Lucas Heights, 
N.S.W., Australia. Radioactive substrates were diluted appropriately 
with carrier before use. Ground firefly lanterns(Sigma Chemical Company 
St. Louis, Mo., U.S.A.) (100mg) were extracted in 10ml of buffer (50mM 
sodium arsenate-5mM MgCl^-SmM potassium phosphate, pH7.3). The extract 
was filtered before use (Berger & Heppel, 1974).
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All strains of E.coli used, are described in the appendix.
2. Growth of cells
Cells were grown in half-strength medium 56 (Monod et al., 1951) 
supplemented with specific growth supplements, 5mM glucose, nitrate 
(strain AN480) and fumarate (strains AN283 andAN285), as described above 
(Chapter II "Methods"). Exact growth conditions are given in the 
legends to the appropriate figures and tables.
Cells were harvested 3-5h after cessation of growth due to limit­
ation of carbon source.
3. Measurement of uptake
The medium used for measurement of glutamine uptake was the same as that 
used in growth except that glucose was at 20mM and chloramphenicol 
(50yg/ml final concentration) was added. Cells were washed three times 
with this uptake medium, resuspended in this medium to an E ^ q of 0.25- 
0.35 and stored on ice until required.
The medium used for measurement of Pi uptake contained 50mM tri- 
ethanolamine-HCl buffer, pH7.0, 15mM KC1, lOmM (NH^^SO^, ImM MgCl^- It 
was supplemented with glucose (20mM) and specific growth supplements as 
in the growth medium. Cells, grown as described above, were washed twice 
with this medium and resuspended in this same medium to an E ^ q of about 
0.35 and incubated at 37°C in partly-filled bottles under an atmosphere 
of t^/C^ for sufficient time (2-5h) to evoke the high initial rate of 
Pi uptake (Medveczky & Rosenberg, 1971). Cells were then stored on ice 
until required. The cell suspension usually increased in density by 
about 25% over the Pi-deprivation period.
For assay, cell suspensions (5.0ml) were warmed to 37°C. Uptake 
was initiated by the addition of lOOyl of an N2~purged solution of 2.5mM
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Pi, or 20y 1 of an N -purged solution of 2.5mM [ C] glutamine, and was 
followed by conventional membrane filtration techniques. For further 
details see Chapter II "Methods". Results are expressed as nmol substrate 
taken up per mg dry wt. of bacteria.
4. Extraction and chromatography of "pool" material in anaerobic 
glutamine uptake
Anaerobically-grown cells of strain AN480(uncB,frd) were prepared and 
incubated under anaerobic conditions with glucose but in the absence of 
nitrate, as described above. Anaerobic glutamine uptake was initiated 
as described above and, lmin later, the cell suspension (5ml) was fil­
tered and washed and the filter transferred to a tube containing 1ml of
an ice-cold solution of HC10. (6%(v/v)). The tube was allowed to stand4
on ice for 30min and the HCIO^ was then neutralised with KOH. After a 
further 10min on ice,the precipitate of KCIO^ was spun down and samples 
of the supernatant were spotted onto Whatman-3mm filter paper. Glutamine 
and glutamate were separated by paper chromatography in phenol/water 
(3:l(w/v)) (Arx & Neher, 1963), and visualised by spraying with 0.2% 
ninhydrin (w/v) in 99% acetone - 1% pyridine (v/v). Spots were cut out 
from the filter paper, eluted with Bray’s scintillant (see "Methods"
Chapter II) and counted for radioactivity in a Packard liquid-scintilla­
tion spectrometer. Appropriate standards were used to determine quenching.
5. Measurement of intracellular ATP concentrations
Cells were harvested, washed three times with lOOmM KCl-2mM glycylglycine, 
pH7.0, containing 50yg/ml chloramphenicol, and resuspended in 20ml of the 
same medium to an E ^ q °f 5 to 11. Glucose (20mM), specific growth supp­
lements and, where appropriate, potassium fumarate or potassium nitrate 
(both 5mM) were added and the cell suspensions were incubated anaerobic­
ally at 37 C for 20min. The suspensions were then extracted as described 
by Berger & Heppel (1974). The extracts were freeze-dried, and the dried
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residue extracted with 5ml of water and filtered. ATP was assayed in 
samples of the filtrate, by the chemiluminescence method, as described 
by Berger & Heppel (1974), and using appropriately prepared standard ATP 
samples.
Results are expressed as nmol ATP/mg dry wt. bacteria.
C. Results.
1. Glutamine uptake
Aerobic uptakes of glutamine (Fig. 1) were similar in all strains tested. 
The curves shown in Fig. 1 were also qualitatively representative of the 
anaerobic uptakes observed. Rates of anaerobic uptake deviated slightly 
from linearity over the first 30s of uptake and uptake still proceeded 
at 4min, the last reading taken. Data on anaerobic glutamine uptake is 
tabulated in Table 1.
It can be seen (Table 1 & Fig. 1) that the rates of glutamine 
uptake, under anaerobic conditions on glucose alone, were similar to the 
corresponding rates of aerobic uptake in all strains tested. Fumarate 
did not stimulate anaerobic glutamine uptake in any of the strains 
tested. Nitrate stimulated anaerobic glutamine uptake in strain AN480 
(uncB,frd) by 25-50%. Uptake was 40-80% inhibited by the uncoupler 
CCCP (Table 1).
2. Analysis of "pool11 material after anaerobic glutamine uptake
Paper chromatography of the acid-extractable cellular material showed that,
14after lmin of anaerobic [ C]glutamine uptake by cells of strain AN480 
(uncB,frd) in the presence of glucose but in the absence of nitrate, 90- 
95% of the radioactive material present in the cells co-chromatographed 
with glutamate and only 5-10% with glutamine. No other labelled compound 
was detected. Glutamine was found to be stable under the conditions of 
acid-extraction used (see "Methods") (Result not shown).
FIG. Ill 1 : Aerobic uptake of glutamine.
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Cells were grown, prepared and assayed aerobically as described in 
"Methods". strain AN259 (wild); 1 , strain AN283(uncB) ; A ,  
strain AN285(unc-405) ; A ,  strain AN472(frd) ; H ,  strain AN480 
(uncB,frd).
TABLE III 1 : Anaerobic glutamine uptake
Strain & 
relevant 
genetic 
loci
Addition
in
Glutamine uptake 
(nmol/mg dry wt.)
15s lmin 4min
none 0.0 0.0 0.0
AN259 glucose 2.0 5.9 17.7
(wild) glucose + fumarate 2.2 5.8 18.8
glucose + CCCP 0.6 2.2 7.1
none 0.0 0.0 0.0
AN283 glucose 2.8 8.0 22.0
(uncB) glucose + fumarate 3.0 8.1 22.6
glucose + fumarate 
+ CCCP 0.5 1.4 4.9
none 0.1 0.3 0.5
AN285 glucose 1.2 3.4 9.0
(unc-405) glucose + fumarate 1.2 3.5 9.9
glucose + fumarate 
+ CCCP 0.3 0.7 2.9
none 0.0 0.0 0.0
AN472 glucose 1.8 5.2 17.5
(frd) glucose + fumarate 1.7 5.3 18.2
glucose + CCCP 0.9 3.0 7.2
none 0.0 0.0 0.0
AN480 glucose 2.2 6.0 13.8
(uncB,frd) glucose + nitrate 3.1 7.4 21.5
glucose + nitrate 
+ CCCP 0.6 1.6 4.5
Cells were grown anaerobically in filled, stoppered bottles, prepared and
assayed anaerobically as described in "Methods". At the start of incubation
additions were made as shown to the following final concentrations :
glucose, 20mM; fumarate, 5mM; nitrate, 5mM, CCCP, 40pM. Electron acceptors 
were added to the growth medium for the anaerobic growth of strains AN283, 
AN285 and AN480.
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3. Intracellular ATP concentrations in the mutants under various
conditions
It can be seen (Table 2) that, given glucose, the presence of fumarate 
in the incubation medium increased the concentration of ATP found in 
strains AN259(wild), AN283(uncB) and AN285(unc-405) but had little 
effect on the ATP concentration in strain AN472(frd). Nitrate increased 
the intracellular ATP level found in strain AN480(uncB,frd).
4. Uptake of inorganic orthophosphate
Pi uptakes,under anaerobic conditions, in the various mutant strains are 
shown in Fig. 2. The rate of Pi uptake in wild-type cells under anaerobic 
conditions (Fig.2) was similar to the corresponding rate under aerobic 
conditions (H.Rosenberg, personal communication). The presence of the 
frd mutation had little effect on anaerobic Pi uptake (Fig. 2(a)). The 
presence of the uncB mutation considerably diminished anaerobic Pi uptake 
and this effect was partially alleviated by fumarate (Fig. 2(b)). The 
presence of the unc-405 mutation, or the simultaneous presence of both 
the uncB and the frd mutations, virtually abolished anaerobic Pi uptake 
(Figs. 2(a) & (b)). Fumarate stimulated anaerobic Pi uptake in strain 
AN285(unc-405) approximately 5 fold to about 50% of wild-type rates (Fig. 
2(b)) and nitrate similarly stimulated uptake in strain AN480(uncB,frd) 
about 4 fold to about 35% of wild-type rates (Fig. 2(a)).
D. Discussion.
Fig. 1 shows that all strains tested had similar rates of aerobic gluta­
mine uptake. Thus neither the unc mutation nor the frd mutation nor the 
simultaneous presence of both mutations had any significant effect per se 
on the levels and activities of the glutamine transport systems.
The rates of anaerobic glutamine uptake on glucose alone in 
strains AN472(frd) and AN480(uncB,frd) were approximately equal to the
TABLE III 2 : Intracellular ATP concentrations, in mutant strains of
E.coli K12, under various incubation conditions.
Strain and 
relevant 
genetic loci
Addition in 
incubation
ATP concentration 
(nmol/mg dry wt.)
AN259 none 0.48
(wild)
fumarate 0.83
AN283 none 0.50
(uncB)
fumarate 1.33
AN285 none 0.82
(unc-405)
fumarate 1.52
AN472 none 0.52
(frd)
fumarate 0.60
AN480 none 0.37
(uncB,frd)
nitrate 1.02
Cells were grown anaerobically in filled, stoppered bottles, prepared 
and incubated anaerobically with glucose as carbon source and with 
electron acceptors (5mM) added as shown. Extracts of the cell suspens­
ions were prepared and assayed for ATP. For further details see 
"Methods". Electron acceptors were added to the growth medium for the
anaerobic growth of strains AN283, AN285 and AN480.
FIG. Ill 2 : Anaerobic uptake of Pi
(a) (b)
Time 6)
Cells were grown anaerobically in partly-filled bottles under H2 /CO2 ,
prepared and incubated as described in "Methods". Pi uptake was 
assayed anaerobically as described in "Methods".
Nitrate was added to the growth medium for the anaerobic growth 
of strain AN480. Fumarate was similarly added for strains AN283 
and AN285.
(a)
(b)
), strain AN259 (wild); I .  strain AN472(frd); A, strain 
AN480 (uncB, f rd) in the absence of nitrate; A, strain AN480 
in the presence of nitrate.
strain AN259; A ,  strain AN283(uncB) in the absence of fumar- 
ate; A, strain AN283 in the presence of fumarate; I ,  strain 
AN285 (unc-405) in the absence of fumarate; Q ,  strain AN285 in
the presence of fumarate.
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corresponding rate in wild-type cells, and the rate of anaerobic uptake 
in strain AN283(uncB) was higher than that obtained with wild-type cells 
(Table 1). Thus neither the uncB, nor the frd mutation, nor the simul­
taneous presence of both mutations caused any significant inhibition of 
anaerobic glutamine uptake.
Since anaerobic uptake on glucose alone in strain AN480(uncB,frd) 
was comparable to the corresponding rate in wild-type cells (Table 1), 
it is clear that glutamine uptake did not require either coupled 
hydrolysis of ATP by the Mg-ATPase or anaerobic electron transport. Its 
uptake was therefore not energised by the "high-energy" membrane state 
or by coupling to electron flow. This conclusion is supported by the 
results obtained with strain AN285(unc-405). This strain is defective 
in fumarate production from glucose (see Chapter II) and thus, in the 
absence of added fumarate, neither the formation of a "high-energy" state 
of the membrane nor electron flow occurred. In the absence of added 
fumarate, the rate of anaerobic glutamine uptake in strain AN285 was 60% 
of the wild-type rate and was not enhanced by fumarate (Table 1).
3
Using a value for the volume of the cell cytoplasm of ly /cell, 
it could be calculated that, even though only approximately 8% of the 
glutamine taken up by anaerobic cells of strain AN480(uncB,frd) on glucose 
alone was present within the cells as unchanged glutamine after lmin of 
uptake (see "Results''), this small amount of unchanged glutamine never­
theless represented an internal glutamine concentration approximately 
seven-fold higher than the concentration in the medium. Thus glutamine 
transport, in the absence of the "high-energy" membrane state and anaerobic 
electron transport, was an active transport process. Further, due to the 
time-lag between filtration of the cell suspension and acid extraction 
(approx. 15s), during which time considerable metabolism of transported 
glutamine may have occurred in the absence of concomitant glutamine 
uptake, the above value of the concentration gradient of glutamine is
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likely to be a considerable underestimate of the true gradient established.
Thus these results confirm the suggestion (Berger, 1973; Berger 
& Heppel, 1974; Kobayashi et al., 1974) that a mechanism of energy­
coupling to active transport distinct from coupling to the "high-energy" 
membrane state exists in E.coli and extend the validity of this suggestion 
to anaerobically-grown cells.
Several observations remain to be explained. Firstly, nitrate 
stimulated glutamine uptake slightly in strain AN480(uncB,frd) (Table 1). 
Several previous authors have suggested that there was an intimate 
correlation between intracellular ATP concentrations and the rates of 
transport of some solutes (Berger, 1973; Berger & Heppel, 1974;
Kobayashi et al., 1974). Thus, in an attempt to explain the stimulation 
of glutamine uptake by nitrate, the intracellular ATP concentrations in 
the mutants used in this study were determined under various incubation 
conditions. It can be seen (Table 2) that nitrate did increase the 
intracellular ATP concentration in strain AN480. However, although a 
correlation was therefore found between the effect of nitrate on the 
intracellular ATP concentration and its effect on glutamine uptake, no 
such correlation was found for fumarate in strains AN283(uncB) and AN285 
(unc-405) (Tables 1 & 2). It is thus questionable whether the intra­
cellular ATP concentration alone could be correlated with the rate of 
glutamine uptake. The mechanism by which nitrate stimulated anaerobic 
glutamine uptake thus remains unclear. Secondly, even though anaerobic 
glutamine uptake did not require the "high-energy" membrane state, it 
was 40-80% inhibited by the uncoupler CCCP (Table 1). Anaerobic glutamine 
uptake in strains AN480(uncB,frd) and AN285(unc-405) was thus considerably 
lower when the formation of a "high-energy" membrane state was precluded 
by the addition of uncoupler than when its formation was precluded by the 
absence of electron acceptors (Table 1). It is thus likely that CCCP 
did not merely dissipate the "high-energy" membrane state, but also had
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secondary inhibitory effects on glutamine uptake, which may possibly 
have been related to the ability of CCCP to form complexes with thiol 
groups (Kaback et al., 1974).
The unc mutations had no significant effect on aerobic Pi uptake 
(Rosenberg et al., 1975) and thus had no effect per se on the levels and 
activities of the Pi transport systems.
It can be seen that, under anaerobic conditions, the frd mutation 
had little effect on Pi uptake (Fig.2(a)), but that the uncB mutation 
resulted in considerably lowered Pi uptake on glucose alone, and that 
the presence of the unc-405 mutation, or the simultaneous presence of both 
the uncB and the frd mutations, virtually abolished this uptake (Fig. 2(a) 
and (b)). The addition of electron acceptors partially overcame these 
defects.
The effects of the unc mutations and of added electron acceptors 
on anaerobic Pi uptake were very similar to their effects on anaerobic 
proline uptake (see Chapter II). They strongly suggest that anaerobic 
Pi uptake under the conditions used, like anaerobic proline uptake, 
required either a functional, coupled Mg-ATPase or anaerobic electron 
transport and was thus energised by the "high-energy" membrane state.
Since all the strains used contained both the PST and the PIT systems 
for Pi uptake (Willsky & Malamy, 1974) and it appears that only the PIT 
system is coupled to the "high-energy" membrane state (Gerdes et al.,
1976), it would seem likely that, under the conditions used, Pi uptake 
in these strains was largely effected by the PIT system. The possibility 
that part of the stimulation of anaerobic Pi uptake by added electron 
acceptors (Fig.2(a) & (b)) was due to an indirect effect of these acceptors 
on the PST system, similar to the effect of nitrate on glutamine uptake 
(Table 1), cannot,however,be ruled out.
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Chapter IV Succinate uptake and related proton movements.
A. Introduction«
Escherichia coli possesses a substrate—inducible transport system for 
dicarboxylic acids which is repressed by glucose (Kay & Kornberg, 1971). 
This transport system is capable of concentrative uptake of succinate 
in whole cells of mutants defective in succinate metabolism (Murakawa 
et_al., 1972(a); Lo et al., 1972). Succinate uptake in whole cells is 
sensitive to osmotic shock (Lo et al., 1972) and a periplasmic binding- 
protein appears to be involved (Lo & Sanwal, 1975). However, membrane 
vesicles, prepared from cells defective in succinate metabolism, carry out 
active transport of succinate (Rayman et al., 1972), suggesting that the 
periplasmic binding-protein is not essential for succinate uptake.
The mode of energy-coupling to succinate transport is unclear.
It has been suggested that transport systems which are sensitive to osmotic 
shock, such as the succinate transport system, are energised by "phosphate- 
bond energy" (Berger & Heppel, 1974). The chemiosmotic hypothesis 
(Mitchell, 1961; 1967; Harold, 1972) on the other hand, envisages that 
the active transport of anions, such as succinate, is energised by the 
ApH via a coupling of the thermodynamically-unfavourable anion transloca­
tion to the thermodynamically-favoured translocation of protons such that 
anion transport becomes an electroneutral process. Coupling of anion 
transport to proton transport has been shown for gluconate (Robin & Kepes, 
1973), for sugar phosphates (Essenberg & Kornberg, 1975), and for lactate 
(Collins et al., 1976).
When aerobic succinate-grown cells of E.coli were given small 
amounts of glucose, rapid acidification of the medium occurred, followed 
by a slower rise in the medium pH. Addition of succinate to these cells 
during this phase of rising pH was observed to increase the rate of medium 
alkalinisation (see below). The studies described below were undertaken 
in an attempt to correlate this succinate-induced medium alkalinisation
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wit h succinate uptake, and thereby gain further information on the mech­
anism of energisation of succinate transport.
B. Materials & Methods.
1. Materials
14 14[2,3 - C] Succinic acid (5mCi/mmol), L-[U- C] Malic acid (58mCi/mmol)
14 14L-[U- C] Aspartic acid (218mCi/mmol) and [2,3- C] Fumaric acid (14mCi/
mmol) were obtained from The Radiochemical Centre, Amersham, Bucks., U.K.,
and were diluted appropriately with carrier (potassium salt) before use.
Air was passed through 0.5M KOH, 0.25M H^SO^ and water> in that 
order, before use.
E.coli K12 strain AN259, used in all the experiments reported 
here, is described in the appendix.
2. Growth of cells
Cells were grown aerobically, as described in Chapter II "Methods", with 
5mM glucose or 16mM succinate as carbon source.
3. Measurement of succinate uptake in phosphate-buffered medium
The medium used for measurement of succinate uptake was the same as that 
used for growth but contained 20mM glucose as carbon source and was 
adjusted to the required pH with KOH. Cells were harvested by centri­
fugation, washed twice with this medium, resuspended in this medium to
an Errrs of 0.3 to 0.5 then stored on ice till required.660nm
Uptake was assayed under aerobic conditions as described above
14(Chapter II "Methods") after initiation by the addition of [ C] succinate 
to the required concentration.
Corrected counts for cellular radioactivity are expressed as
nmoles succinate taken up per mg dry wt. bacteria.
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4. Measurement of dicarboxylate uptake and dicarboxylate-induced
proton uptake in lightly-buffered medium 
Cells were harvested by centrifugation, washed twice with a medium contain­
ing lOOmM KC1, 2mM glycylglycine-pH7.0 (lightly-buffered medium), resus­
pended in the same medium at an of 1-1.5 (0.45-0.6mg dry wt./ml) and
stored on ice till required.
In all experiments in lightly-buffered medium (except those involving 
tartrate) 2.5ml of this cell suspension was incubated at 37°C in the elec­
trode cell described above (Chapter II "Methods"). In experiments involving 
tartrate, the cell suspension was first concentrated approximately 20-fold 
by centrifugation and 2.5ml of this concentrated suspension was used.
The cell suspension was stirred by a stream of moist prewarmed air 
or nitrogen for aerobic and anaerobic incubations respectively. KSCN (50mM) 
and specific growth supplements in the same concentrations as used in growth 
were added to the cell suspension at the start of incubation. In measure­
ments of anaerobic proton movements and succinate uptake, 5mM KCN was also 
added at the start of incubation.
Cells were brought to pH equilibrium at the required pH by the 
addition of small amounts of KOH or HC1.
Addition of glucose at this stage caused a reproducible fall in
external pH followed by a gradual pH increase as protons returned into the
cells (see below, Fig. 3). When the pH rose to a chosen value, two
types of assay were carried out on alternate samples : (a) dicarboxylate
was added and the induced proton movements were recorded, or (b) the 
14uptake of [ C]-labelled dicarboxylate was measured using conventional 
membrane filtration techniques as described above. Experimental conditions 
with respect to initial pH (before glucose addition), cell density, and 
the amount of glucose added, were such that the chosen pH for dicarboxylate 
addition was obtained just after the peak of glucose-induced proton extrus­
ion and such that dicarboyxlate uptake was linear over the first 30sec of
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uptake. These precise conditions are given in the legends to the tables 
and figures. All solutions of dicarboxylate or aspartate were pH- 
matched before addition.
5. Extraction and chromatography of "pool" material
For identification of "pool" materials, 10ml of cell suspension in
14phosphate-buffered medium was incubated for lmin with 20yM[ C] potassium 
succinate, filtered and the filters washed as previously described. The 
filters were then treated as described by Kay & Kornberg (1971). 
Tricarboxylic acid cycle intermediates were separated by two-dimensional 
thin layer chromatography (Myers & Huang, 1966), but using the two solvents 
in reversed order to minimise streaking.
Dicarboxylic and amino acids were located as described by Myers & 
Huang (1966). Radioactive components were eluted with Bray’s (1960) 
scintillant (see Chapter II "Methods") and were counted for radioactivity 
in a Packard Liquid-Scintillation Spectrometer. Appropriate standards 
were used to determine quenching.
6. Measurement of Oxygen uptake
Succinate-grown cells were prepared in lightly-buffered medium as des­
cribed previously. Cells (2.5ml) were incubated at an E ^ q of 1.5, at 
o30 C and oxygen uptake was measured polarographically using a Titron 
oxygen electrode. Additions were made as shown in Figure 4.
C. Results.
1. pH-dependence of succinate uptake
The variation, with pH, of the kinetic parameters of succinate uptake by 
E.coli, is shown in Table 1. In each experiment, at least two readings 
were taken for each point and a computer programme for linear regression 
of reciprocals was used to obtain the best fit of the experimental data
TABLE IV 1. Km and Vmax values for succinate uptake in phosphate-
buffered medium at various pH values.
pH Km for succinate Vmax for
uptake (yM) succinate uptake*
6.5 12.1 56
11.1 56
6.8 12.1 50
12.7 51
7.1 15.4 55
15.7 52
7.4 19.5 51
20.0 56
Cells were grown on succinate. Initial rates of aerobic succinate 
uptake were measured in phosphate-buffered medium as described in 
"Methods" and used in double reciprocal plots to give the Km and Vmax 
values shown.
*nmoles/min/mg dry wt.
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to a double reciprocal plot.
Km and Vmax values from two separate experiments are shown. It 
can be seen that the apparent Km for succinate transport depended on the 
pH of the medium in which the cells were suspended, and that the Vmax 
was constant over the pH range tested.
2. Energy-dependence of succinate uptake
Succinate uptake during the first 30s was markedly enhanced by the 
addition of D-glucose (Fig.l).
3. Effect of uncoupler and of "cold" succinate on preloaded cells
CCCP (40yM), added 60s after the addition of labelled succinate to succinate- 
grown cells in phosphate-buffered medium, caused efflux of approximately 
40% of the accumulated radioactive material within 15s. Addition of 
unlabelled succinate (0.5mM) caused a similar efflux, though at a rate 
lower than with CCCP (Fig. 2).
4. Succinate-induced proton uptake
The addition of 50nmoles of D-glucose to aerobic cells caused a rapid 
drop in the pH of the medium corresponding to the appearance in the medium 
of about lOOnmoles of H+. This was followed by a slower increase in 
medium pH. Additions of aspartate and dicarboxylates were made at this 
stage, at the appropriate pH, and were found to cause marked acceleration, 
in the rate of medium alkalinisation, with succinate-grown cells (Fig.3).
The addition of dicarboxylates therefore induced proton uptake with these 
cells. No such dicarboxylate-induced proton uptake was found on the 
addition of dicarboxylates to glucose-grown cells (see Table 5.)
With succinate-grown cells under anaerobic conditions, the rate 
of acidification of the medium on the addition of glucose was much slower 
than with aerobic cells and no subsequent rise of pH was observed (Result
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FIG. IV 1 : Dependence of succinate uptake in phosphate-buffered
medium on added energy source.
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Cells were grown on succinate. Initial rates of aerobic succinate 
uptake were measured in phosphate-buffered medium as described in 
"Methods". Cells at pH 7.0 and EßßOnm of 0.3 were incubated with no
added carbon source or 20mM D-glucose for 6min before uptake was
initiated by the addition of 20yM[^C] potassium succinate. O, 20mM 
glucose; L U , no added carbon source.
FIG. IV 2 : Effect of uncoupler and of "cold" succinate on preloaded 
cells in phosphate-buffered medium.
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Cells were grown on succinate and assayed aerobically in phosphate-
buffered medium as described in "Methods". Cells at pH7.0 and EßGOnm 
of 0.3 were incubated for 6min with 20mM D-glucose before uptake was 
initiated by the addition of 20yM[14C] succinate(potassium salt).
60s after the initiation of uptake the following additions were made : 
C ,  CCCP (40yM) ; A  , unlabelled succinate (0.5mM);O, no further
addition.
FIG. IV 3 : Succinate-induced proton uptake in lightly-buffered 
medium.
Cells were grown on succinate and incubated aerobically in lightly- 
buffered medium, as described in "Methods". Glucose and potassium 
succinate were added to 20yM final concentration at the times and 
pH valües shown. (a) glucose addition; (b) change of time scale; 
(c) succinate addition.
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not shown). The addition of C^-free succinate to these cells, at the end 
of the glucose-induced acidification phase, did not cause proton uptake 
(Table 3).
In order to determine the relationship between proton uptake 
induced by dicarboxylic acids and aspartate, and the uptake of these 
acids, the kinetic parameters of aerobic succinate-induced proton move­
ments were determined and compared with those for aerobic succinate 
uptake by the same cells. A double reciprocal plot of one such determin­
ation is shown in Fig. 4.
Apparent Km and Vmax values from all determinations are shown in 
Table 2 and it can be seen (Table 2 and Fig.4) that the apparent Km 
values for succinate-induced proton uptake and for succinate uptake were 
similar.
The Km values found in this study for both succinate uptake and 
succinate-induced proton uptake are in good agreement with previously 
reported values for succinate uptake in whole cells of E.coli (Murakawa 
et al., 1972(a)) and in membrane vesicles of E.coli (Rayman et al., 1972).
5. Stoicheiometry of succinate-induced proton uptake
The number of protons taken up per succinate molecule, obtained by a 
comparison of the relevant Vmax values (Table 2), was found to vary 
between 1.8 and 2.2.
6. Effect of inhibitors
The pattern of inhibition of succinate uptake and of succinate-induced 
proton uptake was similar (Table 3).
7. Effect of uncouplers on succinate metabolism
Addition of succinate, to succinate-grown cells in lightly-buffered medium,
*nmoles/min/mg dry wt.
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FIG. IV 4 : Km and Vmax determination of succinate uptake and 
succinate-induced proton uptake in lightly-buffered
medium.
Cells were grown on succinate, prepared and assayed aerobically in 
lightly-buffered medium, as described in "Methods". Cells at an E^fQnm 
of 1.5 were equilibrated at pH6.95 and 50nmoles of D-glucose were added. 
Additions of potassium succinate were made at pH6.88 during the phase 
of alkalinisation of the medium (see Fig.3). Initial rates of succinate 
uptake and succinate-induced proton uptake were calculated and used in 
a double-reciprocal plot as shown.
0 ,  succinate uptake; ^1, succinate-induced proton uptake. For further 
details see "Methods".
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uptake in lightly-buffered
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stimulated the rate of oxygen consumption after a slight lag. Addition 
of CCCP (20yM), after succinate addition, did not inhibit the rate of 
oxygen consumption (Fig. 5(a)). Addition of CCCP (lOpM) prior to succin­
ate, however, abolished succinate-stimulated oxygen consumption (Fig.5(b)).
8. Specificity of the succinate transport system
Fumarate and malate share the succinate transport system (Kay & Kornberg, 
1971).
In succinate-grown cells, fumarate and malate inhibited succinate 
uptake (Table 4),were taken up by the dicarboxylate transport system, and 
induced proton uptake, in the ratio of approximately two protons taken 
up per molecule of fumarate or malate (Table 5). Fumarate and malate were 
not taken up in glucose-grown cells, neither did they induce proton uptake 
in these cells.
High concentrations of aspartate also inhibited succinate uptake in 
succinate-grown cells (Table 4) and induced proton uptake. However, in 
these cells, the stoicheiometry of proton uptake was much lower than 2 
(Table 5). It has been shown that aspartate is taken up by two different 
systems in E.coli K.12 • One system is constitutive, specific for aspar­
tate and has a high affinity and a low Vmax. The second system is inducible, 
repressed by glucose, shared with dicarboxylic acids and has a low affinity 
and a high Vmax for aspartate uptake (Kay, 1971). Aspartate was taken up 
well in glucose-grown cells but other dicarboxylates were not (Table 5), 
showing that the aspartate-specific transport system was active under these 
conditions though the dicarboxylate transport system was not. No proton 
uptake was observed on aspartate addition to glucose-grown cells, suggesting 
that aspartate uptake by the aspartate-specific transport system was not 
accompanied by proton uptake. Succinate-grown cells thus possessed two 
systems for aspartate uptake but only one, the dicarboxylate transport 
system, for the concomitant uptake of protons with aspartate.
FIG. IV 5 : Effect of uncoupler on succinate oxidation in lightly-
buffered medium.
(b)
Succinate
CCCP
Succinate
Time (min)
Succinate-grown cells (2.5ml) in lightly-buffered medium were incubated 
for 2min at 30°C either in the absence of CCCP (Fig.5(a)), or in the 
presence of lOyM CCCP (Fig.5(b)), in an oxygen electrode cell.
Succinate (0.5mM) and CCCP (20yM) were added as shown. For further 
details see "Methods".
TABLE IV 4: Effect of fumarate, malate and aspartate on succinate
uptake in phosphate-buffered medium.
Addition in 
incubation
Concentration(mM) Succinate uptake 
nmoles/min/mg 
dry wt.
% inhibition
0 - 39.1 -
Fumarate 0.5 2.2 94
Malate 5 0.6 98
Aspartate 20 11.3 71
Cells were grown on succinate, prepared and assayed aerobically in 
phosphate-buffered medium, as described in "Methods", after 5min pre­
incubation with the compounds listed above. Uptake was initiated by 
14the addition of [ C] succinate (potassium salt) to 20pM final concen­
tration.
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It was thus impossible, with the methods and strains used, to 
obtain an accurate value for the number of protons taken up per aspartate 
molecule transported by the dicarboxylate transport system. However, it 
was assumed that aspartate uptake, by the aspartate-specific transport 
system in succinate-grown cells, was at least equal to such uptake in 
glucose-grown cells. Thus, values for aspartate uptake in glucose-grown 
cells were subtracted from those for aspartate uptake in succinate-grown 
cells, to give a maximum estimate for aspartate uptake by the dicarboxylate 
transport system in succinate-grown cells. This estimate was then compared 
with the observed proton uptake on aspartate addition to succinate-grown 
cells, to obtain a minimum estimate of the number of protons taken up per 
aspartate molecule. This minimum estimate was 2 (corrected values, Table 5).
D-tartrate, a non-metabolisable analogue of succinate, is a sub­
strate for the dicarboxylate transport system,albeit a poor one (Kay & 
Kornberg, 1971). Table 6 shows that D-tartrate inhibited both succinate 
uptake and succinate-induced proton uptake. Table 7 shows that D-tartrate 
itself induced proton movements when added to succinate-grown cells.
9. Identification of "pool" materials
Thin layer chromatography in two solvent systems showed that after lmin 
of succinate uptake approximately 54% of the radioactive "pool" material 
was accounted for as aspartate, approximately 33% as other amino acids, 
and approximately 2% as succinate.
D. Discussion.
The results presented here brought to light several properties of succin­
ate uptake and their relationship to induced proton movements. Firstly, 
the apparent Km of succinate transport was found to depend on the pH of 
the external medium in the range pH6.5-7.4 (Table 1). Addition of 20mM 
KC1 had no effect on uptake (Result not shown). Such dependence on pH
TABLE IV 6 : Inhibition by tartrate of succinate uptake and 
succinate-induced proton movements
Addition in 
incubation
Succinate uptake 
(nmol/mg dry wt./min)
Succinate-induced 
proton uptake 
(nmol H+ /mg dry wt./min)
0 14.4 30.0
potassium tartrate 8.0 9.0
(5mM)
Cells were grown on succinate and were prepared and assayed aerobically
in lightly-buffered medium as described in "Methods”. Cells at an
^660nm ^  were ecluilibrated at pH6.95. 50nmoles of glucose were
14added and [ C] potassium succinate was added to 80yM at pH6.88. Pre­
incubation with tartrate was for 5min.
TABLE IV 7 : Tarträte-induced proton uptake in lightly-buffered
medium.
Tartrate
Final
Concentration
(mM)
Induced proton uptake 
(nmol H+/min/mg dry wt.)
glucose-grown
cells
succinate-grown
cells
0.5 - 1.2
1.0 - 2.6
2.0 - 5.0
4.0 - 7.7
5.0 1.7 11.4
Cells were grown on succinate or glucose and were prepared and assayed 
aerobically in lightly-buffered medium as described in "Methods". Cells 
at an °f 22.0 were equilibrated at pH6.95. 50nmoles D-glucose
were added and potassium tartrate was added»to the concentrations shown,
at pH6.88.
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might have arisen from the co-transport of succinate with one or more 
protons if the transport system was not saturated with respect to protons 
in the pH range tested. Such co-transport of protons with succinate was 
demonstrated in lightly-buffered medium where addition of succinate 
prompted proton uptake in succinate-grown cells, where the succinate 
transport system was induced, but caused no such proton movements in 
glucose-grown cells where the succinate transport system was repressed 
(Fig. 3; Table 5). The existence of an intimate link between succinate 
uptake and proton uptake was confirmed by the similarity of apparent Km 
values for succinate uptake and succinate-induced proton uptake (Table 2 
& Figure 4), and the similar effects of metabolic inhibitors and anaero- 
biosis on these two process (Table 3) . A comparison of ^max values for 
succinate uptake and succinate-induced proton uptake suggests that cwo 
protons were taken up with each succinate molecule (Table 2).
This pH change could not be attributed to succinate metabolism 
rather than uptake per se, since oxidation of small amounts of succinate 
by E.coli has been shown to lead to transient acidification of the medium 
(Lawford & Haddock, 1973), not to alkalinisation such as that reported 
here. Further, in this study, succinate-induced alkalinisation was 
maximal immediately after succinate addition when uptake must have preceded 
metabolism. Finally, tartrate, a non-metabolizable analogue of succinate 
(Kay & Kornberg, 1971), inhibited succinate uptake (Table 6) and itself 
induced proton uptake (Table 7).
Co-transport of protons with fumarate and malate, which share the 
succinate transport system (Kay & Kornberg, 1971), was demonstrated in 
succinate-grown cells in the ratio of two protons per dicarboxylate, but 
could not be demonstrated in glucose-grown cells (Table 5).
The inhibition of succinate uptake by aspartate (Table 4) suggests 
that, in the strains used,aspartate also shared the succinate transport
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system. This finding is in agreement with those of Kay & Kornberg (1971) 
and of Murakawa et al., (1972(b)), though in contrast to those of Lo &
Sanwal (1975). The relationship between aspartate uptake and proton 
uptake was, however, complex. Aspartate was taken up by two distinct 
uptake systems, one specific for aspartate, present in both glucose-grown 
cells and succinate-grown cells and not accompanied by proton uptake, 
and one shared with dicarboxylates, present only in succinate-grown cells 
and accompanied by proton uptake (Table 5). This precluded any accurate 
determination of the number of protons taken up, per aspartate molecule 
transported by the dicarboxylate transport system, in succinate-grown 
cells. However, a minimum estimate of 2 was obtained for this number by 
using the value for aspartate uptake in glucose-grown cells to correct 
for aspartate uptake by the aspartate-specific transport system in succinate- 
grown cells (See "Results"; Table 5).
Thus it would appear that the uptake of dicarboxylates by the 
dicarboxylate transport system was obligatorily linked to the uptake of 
two protons per dicarboxylate such that succinate, fumarate and malate 
were taken up in electroneutral form and aspartate was taken up as a 
cation.
The complete abolition of succinate uptake by low levels of uncoupler 
(Table 3) suggests that succinate transport was an active process and 
required the "high-energy" membrane state. The inhibition of succinate 
metabolism by the addition of uncoupler prior to, but not after, succinate 
(Fig.5) shows that the uncoupler inhibited succinate transport and not 
subsequent metabolism.
Only 2% of the succinate taken up remained unchanged after lmin of
uptake (see "Results"). However, assuming an intracellular volume of 
9lUl/10 cells, it can be calculated that the intracellular concentration 
of unchanged succinate was six times the medium concentration. Further,
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this is probably an underestimate of the true concentration gradient
established since, after filtration, during the washing of the filter
membrane and preparation of the cell extract by toluenisation of the
cells, considerable metabolism of succinate could have occurred without
concomitant uptake. This finding, together with the stimulation of
succinate uptake by added carbon source (Fig. 1) and the uncoupler-induced
14efflux of radioactive material from cells pre-loaded with [ C] succinate 
(Fig. 2), support the contention that succinate uptake, under the con­
ditions used, was an active process. These results confirm those of other 
workers (Lo et al., 1972; Rayman et al., 1972; Murakawa et al., 1972(a)) 
who also concluded that succinate uptake was an active process.
The chemiosmotic hypothesis suggests that the active transport of 
anions is energised by the ApH via proton symport (Mitchell, 1967) such 
that a ApH of one unit would support a 10-fold accumulation of an anion 
by symport of that anion with one proton and a 100-fold accumulation by 
symport with two. At pH7.0(external), respiring cells of E.coli maintain 
a ApH of approximately 0.7 units (Padan et al., 1976). The sixfold con­
centration gradient of succinate established by the cells in these studies 
would have required a ApH of 0.4 units for its energisation. Thus the 
ApH may well have been sufficient to energise the observed accumulation of 
succinate. However, since succinate uptake involves a periplasmic binding- 
protein (Lo et al., 1972; Lo & Sanwal, 1975), the participation of 
"phosphate-bond energy" in its energisation, whilst probably not required, 
cannot be excluded.
The magnitude of the concentration gradients of succinate established 
in membrane vesicles prepared from E.coli (Rayman et al., 1972) was con­
sistent with the energisation of that succinate uptake by the ApH (Ramos 
et al., 1976). However, Lo et al., (1972) and Murakawa et al., (1972(a)) 
found concentration gradients of 154 and 1000 respectively after succinate 
uptake in whole cells of mutants of E.coli defective in succinate metab-
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olism. Concentration gradients of this magnitude could not have been 
supported solely by the ApH. Recalculation of the accumulation ratio 
from their published data suggests that Lo et al., (1972) may have over­
estimated the accumulation ratio in their study by a factor of approximately 
two. The mutants used by Murakawa et al.,(1972(a)) were only partially 
defective in succinate metabolism and, for this reason, the accumulation 
ratios obtained in that study may have represented considerable over­
estimates. Nevertheless, from the studies of Lo et al., (1972) and 
Murakawa et al., (1972(a)) it would appear that under some circumstances, 
the ApH may have been insufficient to energise the observed accumulation 
of succinate. Thus it is probable that succinate uptake in whole cells 
of E.coli is not energised by the ApH alone. Some role for phosphate-bond 
energy in this energisation is possible (however, see Rottenberg,(1976) 
for an alternative explanation in chemiosmotic terms) and thus the dicarbox- 
ylate transport system may prove useful in determining possible interactions 
between "phosphate-bond energy" and the "high-energy" membrane state in
energy-coupling to active transport.
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Chapter V Proton translocation coupled to fumarate reduction by 
endogenous and added electron donors.
A. Introduction.
When grown under anaerobic conditions in the presence of fumarate, E.coli 
induces an anaerobic electron transport chain using fumarate as the 
terminal electron acceptor (Hirsch et__al., 1963; Miki & Lin, 1973(a);
Spencer & Guest, 1973). The terminal enzyme in this electron transport 
chain is fumarate reductase (Spencer & Guest, 1973). A quinone is involved 
in the electron flow from the primary dehydrogenases to fumarate reductase 
(Singh & Bragg, 1975) and a b-type cytochrome may be similarly involved 
(Konings & Kaback, 1973). Electron flow through this respiratory chain 
has been shown to support several different energy-requiring, membrane- 
associated reactions, including the phosphorylation of ADP (Miki & Lin, 
1975; Konings & Kaback, 1973; Haddock & Kendall-Tobias, 1975; see 
Konings & Boonstra, 1976; also see above). Thus, electron flow to fumar­
ate appears to be capable of forming the "high-energy" membrane state 
and, according to the predictions of the chemiosmotic hypothesis concern­
ing the nature and the generation of this "high-energy" state, should 
therefore be obligatorily coupled to proton translocation.
In agreement with these predictions, it has been shown by direct 
means that electron flow from endogenous electron donors to fumarate 
in whole cells of anaerobically-grown E.coli can lead to the outward 
translocation of protons across the bacterial cytoplasmic membrane 
(Brice et al., 1974). Further, by more indirect means, it has been shown 
that electron flow to fumarate from added formate or NADH, in inside- 
out vesicles prepared from E.coli, can lead to the formation of a pH 
gradient across the vesicular membrane (Haddock & Kendall-Tobias, 1975).
The studies presented here concern themselves with two aspects of
fumarate-dependent proton translocation :
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(1) The values obtained for ->H+/2e during fumarate reduction by 
endogenous donors were anomalously low, i.e. whereas approximately two 
protons are translocated, per site of energy conservation, during the 
transfer of two electrons to nitrate or oxygen (Lawford & Haddock, 1973; 
Garland et al., 1975), such electron transfer to fumarate caused the net 
translocation of only approximately one proton (Brice et al., 1974).
This low value for">H+/2e during fumarate reduction by endogenous 
donors may have approximated to the real value, or it may have been 
artefactually low for one of two reasons. Firstly, concomitant entry of 
protons with substrates complicates determinations of _>H+/2e values. No 
such complications would have arisen during the reduction of nitrate or 
oxygen since nitrate uptake does not appear to be necessary for its re­
duction by nitrate reductase (Garland et al., 1975) and no uptake of 
protons with oxygen has been shown or thought likely. In contrast, 
however, it is likely that fumarate uptake was required for its reduction 
by fumarate reductase, and this uptake would have been accompanied by 
proton uptake (see Chapter IV). This proton uptake with fumarate may 
well have caused low apparent ->H /2e values in fumarate reduction. 
Alternatively, low values could have arisen from the method used to 
calculate ->H+/2e values, if experimental conditions were inappropriate 
for its use. The method of Mitchell and Moyle (1967(b)) has been used 
to calculate->H /2e values in many studies, including that of Brice et
pttcl Onl O-cAcxpterl
al., (1974), and was ass» used in this study. This method involves
/V
making a semi-logarithmic plot of the phase of proton re-entry and extra­
polating this back to the beginning of the acidification phase (see below) 
to give the total number of nmoles of protons translocated. This number 
is divided by the number of nmoles of substrate added to give the /2e 
value. Thus the method presumes rapid and complete metabolism of added 
substrate. If metabolism of added substrate was incomplete at the start 
of the phase of proton re-entry, low ->H /2e values would have been ob-
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tained by the use of this method of calculation.
The first part of this study was undertaken to examine these 
possibilities.
(2) Further characterisation, of proton translocation coupled to electron 
flow to fumarate from added electron donors, was required. Previous workers 
used the technique of quenching of atebrine fluorescence to show the forma­
tion of a pH gradient during such electron flow in membrane vesicles 
(Haddock & Kendall-Tobias, 1975). In the second part of the studies 
presented here, proton movements during fumarate reduction by added 
lactate, formate, glycerol and a-glycerophosphate, were studied in whole 
cells of E.coli by direct observation of the medium pH, and using the 
technique of uncoupler-induced medium alkalinisation as a measure of the 
magnitude of the proton gradient across the bacterial membrane.
B. Materials and Methods.
1. Materials
Glycerol chlorhydrin, obtained from B.D.H., Poole, Dorset, U.K., and 
redistilled at 114-120°C and 14mM pressure, was donated by Dr. H. Rosenberg. 
The sources of all other chemicals used are given above. The E.coli 
strains used in this study are described in the appendix.
32 32[ P] a-glycerophosphate was prepared from [ P] orthophosphate
and glycerol chlorhydrin by the method of Possmayer & Strickland (1967)
and was purified by the method of Rosenberg et al., (1969). The resultant 
32[ P] a-glycerophosphate was used in assays of a-glycerophosphate uptake, 
after suitable dilution with carrier. The concentration of a-glycerophos­
phate in this solution was determined by acid hydrolysis in HCl (6M final 
concentration) for 48h at 110°C in sealed tubes, and estimation of the 
resultant inorganic phosphate by the method of Harris & Popat (1954).
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2. Growth of cells
Cells were grown anaerobically in filled, stoppered bottles as described 
in Chapter II "Methods". Cells of strain AN480(uncB,frd) were grown with 
5mM glucose as carbon source and lOmM nitrate as added electron acceptor. 
Cells of strains AN259(wild) and AN476(glpK ) were grown with lOmM 
a-glycerophosphate as carbon source and 40mM potassium fumarate as added 
electron acceptor. Cells of strain AN283 (uncB) were grown with 5 or 40mM 
potassium fumarate as added electron acceptor and either 5mM glucose, lOmM 
glycerol or lOmM a-glycerophosphate as carbon source. Casamino acids 
(0.05%) were added to the growth medium for growth on glycerol or a -  
glycerophosphate. Exact growth conditions are given in the relevant 
tables and figures or in the text.
Cells were harvested approximately 3-5h after cessation of growth 
due to limitation of carbon source.
3. Starvation of cells
Cells were starved in growth medium, with carbon source omitted but
supplemented with potassium fumarate (25mM) and DNP(5mM). Cells were
harvested, washed twice with this medium, resuspended in the same medium
to an of 2-4 and incubated in filled, stoppered bottles at 37°C for660
l-4h (Berger & Heppel, 1974).
4. Measurement of proton movements and the intracellular radioactive 
"pool" after fumarate addition to unstarved cells
Anaerobically-grown cells were harvested, washed twice with lightly-
buffered medium, resuspended in this medium to an of 2-3 and stored660
on ice, under • Aliquots of this suspension were concentrated approxim­
ately seven fold by centrifugation. Samples (2.5ml) of this concentrated 
cell suspension were incubated anaerobically at 37 C in the presence of 
50mM KSCN, as described in Chapter II "Methods". All additions made after
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this time were from N^-purged and pH-matched solutions.
When the cells had reached pH equilibrium between pH6.9 and 7.3,
two types of assay were carried out on alternate samples : (a) proton
movements were recorded after the addition of unlabelled potassium fumar-
14ate to final concentrations in the range of 24-200yM or (b) [ C]-labelled
potassium fumarate was added to similar final concentrations and its up­
take measured using conventional membrane filtration techniques as des­
cribed in Chapter II "Methods".
Corrected values of counts for cellular radioactivity are expressed 
as a percentage of the total radioactive material added.
Cells were incubated with inhibitors for 5min prior to fumarate 
addition.
5. Examination of dicarboxylic acids present in the suspending medium
after the addition of fumarate to unstarved cells
Cells of strain AN283 were grown, prepared and incubated anaerobically
14in lightly-buffered medium, as described above. [ C] potassium fumarate 
was added to the equilibrated cells to various final concentrations. 
Addition of fumarate caused acidification of the external medium, followed 
by a phase of alkalinisation (see below). Samples (0.2ml) of the cell 
suspension were withdrawn when acidification of the medium was at a maximum 
and were filtered and washed as described above. The filtrate and washings 
(2.2ml) were acidified with HC1 and extracted with diethylether (20ml) for 
2h in a continuous extraction device. The ether layer was separated and 
evaporated to dryness. The dry residue was extracted with 200yl of 2mM 
potassium succinate-2mM potassium fumarate in water. Aliquots of this 
solution were spotted onto cellulose plates. Succinate and fumarate were 
separated by two-dimensional chromatography and located as described by 
Myers and Huang (1966) but using the solvents in reversed order. Spots
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were eluted and counted for radioactivity as described above. (Chapter 
IV "Methods").
6. Measurement of proton movements and a-glycerophosphate uptake in
starved cells
Starved cells were prepared and incubated anaerobically as described above 
(sub-sections 3 & 4). All additions after the start of incubation were 
made from N^-purged and pH-matched solutions.
When the cells had reached pH equilibrium between pH6.8 and 7.3,
potassium fumarate was added to 4mM final concentration. Acidification
of the medium generally resulted. When the rate of this acidification
was slow and steady, and any proton gradient formed by the reduction of
fumarate by endogenous donors had collapsed (see Fig. 3 below), either
(a), glycerol, lactate, formate or a-glycerophosphate was added and the
32pH movements recorded or (b), [ P] a-glycerophosphate was added and its 
uptake measured by conventional membrane filtration techniques as des­
cribed above. The final concentrations of these additions are given in 
the relevant tables and figures.
Corrected values of counts for cellular radioactivity are expressed 
as nmoles a-glycerophosphate taken up per mg dry wt. bacteria.
C. Results♦
1. Proton translocation coupled to fumarate reduction by endogenous
substrates.
i) Variation of ->H+/2e values with fumarate concentration and 
cell density in unstarved whole cells of strain AN283(uncB) 
Addition of fumarate to equilibrated cells of strain AN283(uncB),grown 
on a-glycerophosphate plus 40mM fumarate, caused a reproducible fall in 
the medium pH. The rate of this acidification accelerated to a maximal 
rate within approximately 10 - 15s, remained approximately at this max-
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imal value for a further 30 - 40s then declined (Fig. 1(a)). A slower 
phase of allcalinisation then followed, reflecting the re-equilibration of 
protons (x, Fig. 1(a)) though the pH did not relax back to its original 
value. The rate of re-equilibration was greatly enhanced by the addition 
of the uncoupler carbonylcyanide m-chlorophenyl-hydrazone (Fig. 1(b)).
The number of protons which re-entered the cell during CCCP-induced re­
equilibration was also considerably larger than the number that re-entered 
during re-equilibration in the absence of uncoupler (cf. Figs. 1(a) & 1(b)).
Fig. 1(c) shows that some acidification of the medium occurred, on 
the addition of fumarate, in the presence of uncoupler. This was presum­
ably due to the production of net acid equivalents during the oxidation of 
endogenous electron donors. However, the rate and extent of such net 
acid production was small.
The addition of fumarate to cells of strain AN480(uncB,frd) caused 
little acidification of the medium (Fig. 1(d)). Thus, fumarate-dependent 
acidification of the medium required a functional fumarate reductase.
Values of ->-H /2e , calculated ■f r y  the i i m i L l m d  uf" Mifeuhill fr Mtjyfcti
A
» varied markedly with the amount of fumarate added and with cell 
density, in cells of strain AN283 (Figs. 2(a) & 2(b)). Under optimum 
conditions, the value of -+H /2e was 1.7 + 0.3 (mean +SD, four determin­
ations) .
If no correction for re-entry of protons during the acidification 
phase was made, an optimum value for ->H~*"/2e of 0.8 + 0.25 was obtained 
(mean + SD, four determinations).
(ii) Rates of proton extrusion in unstarved cells of strain 
AN283
The rate of proton extrusion, measured as shown in Fig. 1(a), was inhib­
ited by succinate and tartrate (Table 1).
FIG. V 1 : pH changes on the addition of fumarate to anaerobic
unstarved cells of strains AN283 and AN480.
(b) CCCP
Fumarate
Fumqrate
(lmM)CCCP
Cells of strain AN283 (Fig.1(a),(b),(c)) were grown on a-glycerophos- 
phate and 40mM fumarate. Cells of strain AN480 (Fig.1(d)) were grown 
on glucose and nitrate. Cells were prepared and incubated at an E ^ q 
of 20 as described in "Methods”. Potassium fumarate and the uncoupler 
CCCP (40yM) were added as shown. The rate of proton extrusion was 
calculated from the linear part of the phase and acidification between 
points A and B in Figure 1(a).
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FIG. V 2 : Dependence of ->H~*~/2e values, on fumarate concentration
and cell density, in suspensions of anaerobic, unstarved 
cells of strain AN283.
Added fumarate
M^)
Cells of strain AN283,grown on a-glycerophosphate plus 40mM fumarate, 
were harvested and prepared as described in "Methods". The cells were 
either incubated at an E ^ q of 20 and potassium fumarate added to various 
final concentrations (Fig.2(a)) or incubated at various cell densities 
and potassium fumarate added to a final concentration of 60yM (Fig.2(b)). 
For further details see "Methods".
TABLE V 1 : Inhibition of proton extrusion in anaerobic, unstarved
cells of strain AN283.
Addition Proton extrusion 
nmol H+/min/mg dry wt.
% inhibition
No inhibitor 20.2 -
ImM potassium 0.3 98
succinate
2mM potassium 2.7 87
tartate
Cells of strain AN283, grown anaerobically on a-glycerophosphate plus 
AOmM fumarate, were prepared and incubated at an E ^ q of 16.5. 
Potassium fumarate (80yM) was added to equilibrated cells and pH 
movements recorded. Cells were pre-incubated with inhibitors for 5min 
as shown in the table. For further details see "Methods".
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(iii) Variation in the size of the intracellular radioactive "pool" with 
the concentration of added fumarate and with cell density, in 
unstarved cells of strain AN283
14Labelling of the internal "pool" of cells of strain AN283 by added [ C] 
fumarate reached equilibrium within 1 min or less, and the intracellular 
"pool" remained constant for at least 5min after that (Result not shown).
The size of this "pool" varied with fumarate concentration (Table 2) and 
cell density (Table 3), both in absolute terms, and as a proportion of the 
total added radioactive material.
(iv) t.l.c. examination of the medium after the addition of fumarate 
to unstarved cells of strain AN283
Following the addition of fumarate to anaerobic unstarved cells of strain 
AN283, succinate appeared in the external medium (Table 4). At the peak 
of acidification of the medium, and depending on the amount of fumarate 
added, 19 to 48% of the added fumarate was still unchanged.
In the procedure employed (see "Methods"), more than 95% of the 
radioactive material in the filtrate was extracted into ether. Succinate 
and fumarate accounted for over 90% of the extracted radioactivity 
(Results not shown).
2. Proton translocation coupled to the reduction of fumarate by added
electron donors.
(i) Starvation of cells
Table 5 shows the effect of the length of time of starvation on the acid­
ification of the medium observed on the addition of fumarate, in the absence 
of added electron donors, to anaerobic cells of strain AN283. The cells 
used for the experiment shown in Table 5 were grown on glucose plus 5mM 
fumarate. Results obtained with cells grown on other carbon sources were 
qualitatively similar (Results not shown). It can be seen from the table
TABLE V 2 : Dependence of the size of the intracellular radioactive
"pool" on medium fumarate concentration, in unstarved
anaerobic cells of strain AN283.
Added fumarate 
(final concentration 
yM)
Intracellular "pool" size 
(% added radioactivity)
12 17.7
30 13.6
60 11.0
90 8.0
150 6.5
Cells of strain AN283»grown on a-glycerophosphate plus 40mM fumarate,
were prepared and incubated at an E ^ q of 20 as described in "Methods" 
14[ C] potassium fumarate was added to equilibrated cells to final con 
centrations as shown. Samples of the cell suspension (0.2ml) were 
withdrawn after 2min and were filtered and treated as described in
'Methods".
TABLE V 3 : Dependence of the size of the intracellülar radioactive
"pool" on cell density, in unstarved anaerobic cells of
strain AN283
^660nm Intracellular "pool" size (% added radioactivity).
4.5 3.4
8.5 4.5
16.5 6.0
30.0 9.5
Cells of strain AN283, grown on a-glycerophosphate plus 40mM fumarate,
were prepared and incubated at various optical densities as described 
14in "Methods". [ C] potassium fumarate was added, to 80yM final con­
centration, to the equilibrated cells. Samples of the cell suspension 
(0.2ml) were withdrawn after 2min and were filtered and treated as
described in "Methods".
TABLE V 4 : T.l.c. of dicarboxylic acids
Added 
fumarate 
concentra­
tion (yM)
Succinate 
10^ c.p.m./ 
ml filtrate
Fumarate 
10^ c.p.m./ 
ml filtrate
Succinate ->H+/ 2 e 
value 
*Fumarate
Experiment 24 10.3 8.3 1.2 0.5
1
120 74.6 19.5 3.8 1.6
200 134.0 124.9 1.1 0.8
Experiment 40 25.2 5.9 4.3 1.6
2
80 38.5 11.4 3.4 2.1
120 94.0 31.0 3.1 1.9
200 110.0 44.5 2.5 1.7
Unstarved cells of strain AN283, grown on a-glycerophosphate plus 40mM
fumarate, were prepared and incubated at an E ^ q of 14 as described in 
14"Methods". [ C] potassium fumarate was added to equilibrated cells to 
the final concentrations shown. Samples (0.2ml) of the cell suspension 
were withdrawn at the peak of acidification of the medium, filtered and 
processed as described in "Methods". Radioactive succinate and fumarate 
were separated and estimated as described in "Methods".
* Values of -*H+/2e were obtained as described in "Results". It must be 
emphasised that these values are approximate due to problems in obtaining 
accurate values of ->H+/2e after sampling the cell suspension.
TABLE V 5. Effect of length of starvation time, on the acidification
of the medium observed on fumarate addition to anaerobic
cells of strain AN283.
Duration of 
starvation 
(h)
Observed medium acidification
Rate
(nmol H+ /min/mg dry wt.)
Extent 
(nmol H+)
0 23.4 134
1.0 5.7 74
1.5 2.6 42
2.0 0 0
2.5 2.6 76
Cells of strain AN283 were grown anaerobically, starved for the times 
shown, prepared and incubated anaerobically at an E ^ q of 12. When 
the cells had reached pH equilibrium at approximately pH7.0, potassium 
fumarate was added to 60yM and the resultant pH movements recorded.
For further details see "Methods".
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that starvation of the cells at first decreased both the rate and the 
extent, of the observed acidification of the medium due to reduction of 
fumarate by endogenous substrates, to low levels. However, on further 
starvation an increase in these low levels was observed.
Table 6 shows the effect of storage on ice on starved cells of 
strain AN283. The cells used for the experiment shown in Table 6 were grown 
on a-glycerophosphate plus 40mM fumarate. Results obtained with cells 
grown on other carbon sources were qualitatively similar (Results not 
shown). It can be seen from the table that storage of cells on ice caused 
an increase in both the rate and the extent of the acidification of the 
medium observed on the addition of fumarate to these cells, in the absence 
of added electron donors.
For these reasons, in measurements of medium acidification coupled 
to the reduction of fumarate by added electron donors, starved cells were 
first incubated in the presence of excess fumarate to deplete any residual 
endogenous substrates. After the collapse of any proton gradient established 
during the reduction of fumarate by these residual endogenous substrates, 
a pulse of reductant was added and the pH movements due to the reduction 
of the excess fumarate by the added electron donor were recorded (see below).
In all cases tested, the acidification of the medium, observed during 
the reduction of fumarate by added substrates, was too slow or too small 
to permit any accurate determinations of values for -HH /2e • However, it 
was possible to compare the magnitudes of the alkalinisation of the medium 
observed on the addition of uncoupler to anaerobic cells, incubated in 
the presence of fumarate and in the presence or absence of a particular 
electron donor. Thus, this method was used to test qualitatively whether 
or not the addition of a particular electron donor to anaerobic cells 
led to any increase in the magnitude of the proton gradient established 
by those cells (see Chapter II "Discussion").
TABLE V 6 : Effect of the length of time of cell storage on ice, on
the medium acidification observed on fumarate addition 
to anaerobic, starved cells of strain AN283.
Storage
time
(min)
Observed medium acidification
Rate
(nmol H+/min/mg dry wt.)
Extent 
(nmol H+)
20 1.2 32
50 1.8 49
80 2.1 58
140 2.9 84
200 3.6 94
Cells were grown anaerobically, starved for 2^h, prepared and stored on ice
under N_ at an E,._ of 2.6. Samples of this cell suspension were taken 2 660
after the indicated lengths of time of storage and were concentrated by 
centrifugation and incubated anaerobically at an E ^ q of 20. When the 
incubated cells had reached pH equilibrium, potassium fumarate was added 
to 80yM and the resultant pH movements recorded. For further details see
"Methods".
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The magnitude of the CCCP-induced alkalinisation in control suspens­
ions (plus fumarate but without added electron donor) increased slightly 
as the time of cell storage on ice increased (Result not shown). Hence, 
for each experimental determination of the effect of an added electron 
donor on the magnitude of the CCCP-induced alkalinisation, one control 
determination was done immediately prior to the experimental determination, 
and a second control determination was done immediately after it.
(ii) Proton movements on the addition of formate and lactate, in the
presence of fumarate, to starved, anaerobic cells of strain AN283 
Slight acidification of the medium was observed on the addition of formate 
to cells grown on glycerol plus 40mM fumarate (Fig. 3). Addition of CCCP 
to these cells, 30-35min after fumarate addition and 7-10min after the 
addition of formate, caused an alkalinisation of the medium equivalent 
to the entry of 172nmol of H into the cells (average of three determin­
ations). The magnitude of such alkalinisation in control suspensions 
(without formate) was 103nmol H (Results not shown). Thus, the addition 
of formate to these cells resulted in an increase in the magnitude of 
the proton gradient across the cell membrane.
No acidification of the medium was observed on the addition of 
formate to cells grown on glucose plus fumarate. The alkalinisation 
of the medium induced by the addition of CCCP to these cells, after 
formate addition, was indistinguishable from such induced alkalinisation 
in control suspensions. Thus the addition of formate to these cells did 
not lead to any increase in the magnitude of their proton gradient.
Results with cells grown on a-glycerophosphate plus fumarate were variable 
but were in general similar to those obtained with cells grown on glucose 
plus fumarate (Results not shown).
Addition of lactate to anaerobic cells caused no acidification of 
the medium under any of the conditions tested. Further, CCCP-induced
FIG. V 3 Proton movements induced by the addition of formate to
anaerobic, starved cells of strain AN283, incubated in 
the presence of fumarate.
CCCP
(4CyM)
I
Formate 
(0.4 mM)
Fumarate 
(4mM) \ lOOnmol HCI
lime after fumarate addition (min)
Cells of strain AN283, grown anaerobically on glycerol plus 40mM fumarate, 
were starved for 2h and prepared and incubated anaerobically at an E ^ q 
of 21. Potassium fumarate (4mM) was added to the cells and, when any 
proton gradient established during fumarate reduction by endogenous 
donors had collapsed, potassium formate and CCCP were add6d as shown.
For further details see "Methods".
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alkalinisation after lactate addition was in all cases indistinguishable 
from that induced in control suspensions (without lactate). Thus, in no 
case tested did the addition of lactate lead to an increase in the mag­
nitude of the proton gradient (Results not shown).
(iii) Proton movements on the addition of glycerol, in the presence of
fumarate, to starved, anaerobic cells.
The addition of glycerol to cells of strain AN283, grown on glucose plus 
fumarate, caused considerable acidification of the medium. However, the 
alkalinisation caused by the addition of CCCP to these cells, after 
glycerol addition, was in all cases indistinguishable from such CCCP- 
induced alkalinisation in control cells (without glycerol)(Results not 
shown). Thus, the glycerol-induced acidification of the medium by these 
cells was probably due solely to the production of net acid equivalents 
during the metabolism of the neutral glycerol, and not to any net outward 
proton translocation.
The addition of glycerol to cells of strain AN283(uncB), grown 
on a-glycerophosphate plus 40mM fumarate, gave a biphasic acidification 
of the medium (Fig. 4). The addition of CCCP, at the point of maximum 
acidification of the medium by the second, slow phase, induced an alkal­
inisation of the medium considerably greater than that found in control 
cell suspensions (without glycerol) (Fig. 5). Thus, the addition of
I
glycerol to these cells led to an increase in the size of the proton 
gradient established by these cells. Cells of strain AN283, grown on 
glycerol plus 40mM fumarate, behaved similarly (Result not shown).
Considerable variation was found in the magnitudes of both the 
first and the second phases of glycerol-induced medium acidification, 
and in the length of the lag before the onset of the second phase (cf. 
Figs. 4 & 5). All results were, however, qualitatively similar and 
the results shown in Fig. 4 were more typical than those shown in Fig. 5.
FIG. V. 4 : Proton movements observed on the addition of glycerol
to anaerobic starved cells of strain AN283, incubated 
in the presence of fumarate.
lOnmol glycerol
20nmol glycerol
40nmol glycerol
50nmol HCI
50nmol HCI
50nmol HCI
Cells of strain AN283, grown anaerobically on a-glycerophosphate plus
40mM fumarate, were starved for 2^h and were prepared and incubated 
anaerobically at an E550 °f 37. Potassium fumarate (4mM) was added to 
the cells and, after the collapse of any proton gradient due to 
fumarate reduction by endogenous donors, glycerol was added as shown 
and the proton movements recorded. For further details see "Methods".
FIG. V 5 : Proton movements observed on the addition of glycerol and
CCCP to anaerobic, starved cells of strain AN283, incubated 
in the presence of fumarate.
(a) CCCPl
lOOnmol HCI
glycerol
(b)
pH7.1
5min
CCCP
glycerol
lOOnmol HCI
Cells of strain AN283, grown anaerobically on a-glycerophosphate plus 
40mM fumarate, were starved for 2h, prepared and incubated anaerobically 
at an E ^ q of 10.5. When cells had reached pH equilibrium, at approx­
imately pH 7.25, potassium fumarate (4mM) was added. 10min later 
glycerol (40yM) was added to some cell suspensions and then CCCP (20yM) 
was added when the resultant medium acidification was maximal. Control 
cell suspensions (without glycerol) received CCCP (20yM) 13min after 
the addition of fumarate. For further details see "Methods".
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Biphasic acidification of the medium was also observed on the 
addition of glycerol to cells of strain AN259(wild) (Fig.6(b)), but only 
the second, slow phase was seen on such an addition to cells of strain 
AN476(glpK ) at all glycerol concentrations tested (see Fig. 6(a)).
(iv) Proton movements on the addition of q-glycerophosphate, in the
presence of fumarate, to starved, anaerobic cells of strain AN283 
Some acidification of the medium was observed on the addition of 
a-glycerophosphate to cells grown on glucose plus fumarate. However, the 
rate of this acidification was slow. Further, a-glycerophosphate did not 
increase the magnitude of the CCCP-induced alkalinisation, in these cells, 
over control values (Results not shown). Thus, the acidification of the 
medium caused by the addition of a-glycerophosphate to these cells was 
probably due solely to the production of net acid equivalents and not to 
any proton translocation.
The proton movements seen on the addition of a-glycerophosphate 
to cells grown on either (a) a-glycerophosphate plus 40mM fumarate or 
(b) glycerol plus 40mM fumarate are shown in Fig. 7. It can be seen 
that, in the case of a-glycerophosphate-grown cells, a-glycerophosphate 
first caused an alkalinisation of the medium and that this was followed 
by an extensive acidification of the medium. However, in the case of 
glycerol-grown cells, the addition of a-glycerophosphate gave rise to 
biphasic acidification of the medium similar to that found on the addition 
of glycerol to these cells (see above).
Addition of CCCP at the point of maximum acidification of the medium 
following a-glycerophosphate addition to anaerobic cells (i.e. at x, Fig.
7) induced an alkalinisation of the medium considerably greater than that 
induced in control suspensions (without a-glycerophosphate), regardless 
of whether the cells were grown on glycerol or a-glycerophosphate (Results 
not shown). Thus, the addition of a-glycerophosphate to cells grown on
FIG. V 6 : Proto l movements observed on the addition of glycerol to
anaerobic starved cells of strains AN259 and AN476, 
incubated in the presence of fumarate.
glycerol
lOOnmol
HCI
glycerol
lOOnmol
HCI
Cells of strains AN476(a) and AN259 (b) were grown anaerobically, 
starved, prepared and incubated at an E ^ q of 18. Glycerol (32pM) 
was added as shown. For further details see Fig. 4.
FIG. V 7 : Proton movements observed on the addition of a-glycerophos­
phate, in the presence of fumarate, to anaerobic, starved 
cells of strain AN283 grown on a-glycerophosphate or 
glycerol.
5min
Cells of strain AN283 were grown anaerobically on (a) a-glycerophosphate
plus 40mM fumarate or (b) glycerol plus 40mM fumarate. Cells were 
starved for 2h, prepared and incubated anaerobically at an E ^ q of 20
in the presence of 4mM potassium fumarate. a-glycerophosphate (60yM)
(potassium salt) was added to equilibrated cells as shown. For further 
details see "Methods".
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either of these two carbon sources, led to an increase in the size of the 
proton gradient.
(v) Rates of a-glycerophosphate uptake in anaerobic, starved cells of 
strain AN283, incubated in the presence of fumarate 
Rates of a-glycerophosphate uptake, in cells grown on glucose plus fumarate, 
were low (Result not shown).
Rates of a-glycerophosphate uptake, in cells grown on a-glycero­
phosphate plus fumarate or glycerol plus fumarate, are shown in Fig. 8.
Each result is the average of two determinations. It can be seen that 
the rate of a-glycerophosphate uptake was much higher in a-glycerophosphate- 
grown cells than in glycerol-grown cells. The difference in the rates of 
a-glycerophosphate uptake in these cells may explain the differences in 
the observed proton movements on the addition of a-glycerophosphate to 
these cells (see below).
It can also be seen that the addition of unlabelled orthophosphate 
(Pi), to cells grown on a-glycerophosphate, did not greatly affect 
the uptake of label by these cells. Since these cells contain an 
active system for the transport of Pi, this finding suggests that little 
hydrolysis of added a-glycerophosphate occurred prior to its uptake.
D. Discussion.
(i) Proton translocation coupled to the fumarate-dependent oxidation
of endogenous substrates.
The addition of fumarate to anaerobic cells of strain AN283 caused an 
acidification of the medium, dependent on fumarate reduction, and con­
sisting of proton extrusion and the net production of some acid equivalents. 
The rate of this acidification required approximately 10 - 15s to reach 
its maximal value (Fig.l). This lag in the rate of acidification and the 
inhibition of this rate by tartrate (Table 1) suggest that fumarate
FIG. V 8 : a-glycerophosphate uptake in anaerobic, starved cells of
strain AN283, incubated in the presence of fumarate.
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Cells of strain AN283 were grown anaerobically on a-glycerophosphate plus
40mM fumarate or glycerol plus 40mM fumarate and were starved for 2h.
Starved cells were prepared and incubated anaerobically at an E ^ q of
Q 92-3 in the presence of potassium fumarate. [P]-a-glycerophosphate 
(potassium salt) was added to the cell suspension to 90yM (final concen­
tration) and its uptake measured. For further details see "Methods".
C3, a-glycerophosphate-grown cells; ^1, a-glycerophosphate-grown cells 
plus 400yM Pi; glycerol-grown cells.
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uptake by the dicarboxylate transport system (Kay and Kornberg, 1971) 
was required for proton extrusion coupled to fumarate reduction.
Uptake of fumarate is accompanied by the concomitant uptake of 
two protons (see Chapter IV). However, as no initial phase of alkalinis- 
ation was seen on the addition of fumarate to anaerobic cells (Fig. 1(a)), 
it is postulated that fumarate was transported as fumaric acid but 
immediately reduced to succinate and that concomitant with this reduction, 
two protons were extruded from the cell. Thus initially proton extrusion 
from fumarate reduction balanced proton uptake with fumarate giving rise 
to the lag phase in the acidification of the medium (Fig. 1(a)). It is 
further envisaged that, as fumarate reduction continued, succinate efflux 
by the dicarboxylate transporter occurred, accompanied by the efflux of 
two protons per succinate. This efflux will have increased until it 
matched fumarate influx. At this stage (c. 10-15 sec after fumarate 
addition), proton movement due to flux of dicarboxylic acids was in bal­
ance and a steady rate of medium acidification was observed due to proton 
extrusion coupled to fumarate reduction, and the production of some net 
acid equivalents (Fig. 1(a) & 1(c)). 'These ideas are expressed diagram-
atically in Scheme 1. The accumulation of radioactive succinate in the
14medium, after the addition of [ C] fumarate to anaerobic cells, constitutes 
strong support for this scheme.
Fig. 2 shows that the values of ->H /2e obtained in this study,
cell density and fumarate concentration. Under optimum conditions, a value 
of 1.7 + 0.3 was obtained. Brice et al., (1974), obtained a value for 
-*H+/2e of 1.15 + 0.16 for the reduction of fumarate by endogenous electron 
donors and suggested that this low value might have been due to uptake 
of protons with fumarate.
Tables 2 & 3 show that on addition of f^C] fumarate to anaerobic
SCHEME V 1 : Proposed proton movements during fumarate uptake and
metabolism in anaerobic, unstarved cells of strain 
AN283.
endogenous
substrates
Abbreviations : DC, dicarboxylate transport system; FD, fumarate
o _
reductase; X, proton translocator; FUM^ , fumarate 
anion; SUC^~, succinate anion.
The portion of the scheme between the endogenous electron donors and 
fumarate reductase is drawn arbitrarily and is not meant to represent 
any specific arrangement of the components of the electron transport 
chain.
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cells of strain AN283, 3-18% of the added radioactivity was sequestered
by the cells. Thus total proton influx with fumarate was not entirely
balanced by proton efflux with succinate and underestimation of the true 
+ —->-H /2e value will indeed have occurred due to net proton uptake in the 
dicarboxylate flux (see Scheme 1). However, the extent of this under­
estimate will have been equal to the proportion of added radioactive 
material which was unavailable for efflux i.e. 3-18%. Thus it can be 
seen (Fig. 2, Tables 2 & 3) that net uptake of protons during the dicarb­
oxylate flux was insufficient to explain the dependency of ->H+/2e values 
on fumarate concentration and cell density found in this study and the low 
values found under non-optimum conditions.
It is likely that the reason for these low values and for their
variation with fumarate concentration and cell density lay in the use of
a method for their calculation under inappropriate conditions. To obtain
_l_ _  u s e d
accurate values for -*H /2e with the method
metabolism of the added oxidant or reductant must be instantaneous and 
complete. Table 4 shows that maximum acidification of the medium occurred 
before all the added fumarate had been metabolised. This will have led 
to under-estimation of the ->H+/2e values in this study in two ways.
l h b f
/V
translocated is divided by the total number of oxidant or reductant mole­
cules added. Since metabolism of added fumarate was incomplete at the
point of maximum acidification of the medium, the denominator in calcula- 
+ —tions of -*H /2e was too large. Secondly, since fumarate metabolism and 
proton extrusion continued during the phase of medium alkalinisation, the 
estimate of the numerator was too small. Table 4 shows that 20-50% of 
the added fumarate was left unmetabolised at the point of maximum acidif­
ication of the medium. This is probably sufficient to account for the 
+ —low values of ->H /2e obtained at non-optimum conditions.
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The reason for the variation of ->H+/2e with cell density and 
fumarate concentration is unclear. However, it should be remembered that 
the point of maximum acidification of the medium was the point at which 
the rates of proton extrusion and proton re-entry were equal. These 
rates will have both depended on cell density and on fumarate concentra­
tion, but in different ways. Thus it is likely that the point of maximum 
medium acidification, the proportion of added fumarate metabolised at 
that point, and the degree of underestimation of -*H /2e values due to 
this incomplete metabolism of added fumarate, depended on cell density 
and fumarate concentration, though the form of this dependency will have 
been complex.
For several reasons, even the value of ->H /2e obtained under 
optimum conditions should be treated merely as a rough estimate of the true 
value. Firstly, since the maximum proton gradient was not immediately 
established, extrapolation of the decay phase to the time of fumarate 
addition may have overestimated the value of ->-H /2e • Extrapolation 
of the decay phase to peak maximum rather than zero time (see Fig. 1(a)) 
showed that the maximum extent of overestimation of ->H /2e values due 
to overextrapolation of the decay phase was 0.5 (Result not shown).
Secondly, even under optimum conditions, not all the added fumarate was 
metabolised at the point of maximum acidification of the medium (Table 4), 
leading to underestimation of the ->H+/2e values for the reasons described 
above. Thirdly, net uptake of protons in the dicarboxylate flux (see above) 
will have caused slight underestimation of the -*H /2e value. Finally, 
the net acidification of the medium at the end of the phase of proton 
re-entry (see Fig. 1(a)) could not entirely be accounted for by the pro­
duction of net acid equivalents in the oxidation of endogenous donors 
(Fig. 1(c)). It is thus possible that proton re-entry did not entirely 
collapse that part of the proton gradient formed by fumarate reduction.
This possibility is strengthened by the comparatively large extent of
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alkalinisation obtained on the addition of uncoupler at the point of 
maximum medium acidification (Fig. 1(b)). Since the addition of uncoupler 
changed the buffering capacity of the cell suspension by making the cell 
cytoplasm freely available to added protons, it is unclear how the uncoupler- 
induced alkalinisation should be calibrated. However, no matter how 
calibrated, the uncoupler-induced medium alkalinisation (Fig. 1(b)), even 
when corrected for uncoupler-induced alkalinisation in the absence of 
added fumarate (Fig. 1(c)), was always larger than the alkalinisation due 
to proton re-entry in the absence of uncoupler (Fig. 1(a)). The incomplete 
collapse of the proton gradient during re-equilibration in the absence 
of uncoupler (Fig. 1(a)) would also have led to underestimation of 
->H+/2e values. The extent of this underestimate is unclear.
+  —For these reasons it is submitted that the true value for +H /2e , 
under optimum conditions, for fumarate reduction by endogenous donors 
was greater than 1.2 and probably less than 3.
(ii) Proton translocation coupled to the fumarate-dependent oxidation
of added electron donors.
Accurate quantitation of proton movements coupled to the reduction of 
fumarate by added electron donors was not possible with the systems used. 
However, it was qualitatively demonstrated that the addition of some 
electron donors to anaerobic, starved cells of strain AN283(uncB), incuba­
ted in the presence of fumarate, led to an increase in the size of the 
proton gradient established by those cells("Results"2(ii) - (iv)). The 
effectiveness, with which a particular electron donor led to an increase 
in the size of this proton gradient, depended on the growth conditions 
of the cells. This increase in the size of the established proton 
gradient was presumably due to net outward proton translocation coupled 
to the fumarate-dependent oxidation of the added electron donor, since 
this strain of E.coli does not possess a coupled Mg-ATPase.
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The results of studies with four different electron donors, and 
using cells grown on growth-limiting concentrations of three different 
carbon sources, are summarised in Table 7.
The results obtained in this study differ from those of previous 
workers. Konings & Kaback (1973) found that both D-lactate and 
a-glycerophosphate, in the presence of fumarate, stimulated anaerobic 
uptake of lactose, in vesicles prepared from cells grown on glycerol plus 
fumarate. Boonstra et al., (1975) found that the effectiveness, with 
which a particular electron donor stimulated active transport in membrane 
vesicles, depended on the growth conditions of the cells from which the 
vesicles were prepared. The results described here agree with this general 
finding. However, Boonstra et al., (1975) found that formate was an effect­
ive electron donor in membrane vesicles prepared from glucose-grown cells. 
Haddock & Kendall-Tobias (1975) found that formate was effective in ener­
gising the quenching of atebrine fluorescence in inverted vesicles pre­
pared from cells grown on glycerol plus fumarate, but also found that 
a-glycerophosphate was generally ineffective in these vesicles.
The effectiveness of a particular electron donor in the formation 
of a proton gradient and thus the quenching of atebrine fluorescence and, 
according to the chemiosmotic hypothesis, the energisation of active 
transport, depends on the rate at which the oxidation of that electron 
donor leads to outward proton translocation, versus the rate of proton 
re-entry into the cells. It is possible that differences in strains and 
growth conditions used may have led to differences in the former, and 
even the latter of these rates. This may explain the differences between 
the experimental results obtained in this study and in those of other 
workers.
Further comment is required on several features of the proton
movements obtained on the addition of various electron donors to anaerobic
TABLE V 7 : Proton movements observed on the addition of electron
donors to anaerobic, starved cells of strain AN283,
grown on various carbon sources and incubated in the
presence of fumarate.
Carbon source 
in
growth
Electron donor 
in
incubation
Observed medium 
acidification
Net outward 
proton
translocation
lactate none -
formate none —
glucose
glycerol slow -
a-glycerophosphate slow -
lactate none -
formate slow +
glycerol
glycerol biphasic 1st phase ? 
2nd phase +
a-glycerophosphate biphasic 1st phase ? 
2nd phase +
lactate none -
formate slow or none +
a-glycerophos-
phate glycerol biphasic 1st phase ? 
2nd phase +
ot-glycerophosphate alkalinisation 
followed by 
acidification
+
For further details see "Results
- 85-
cells, incubated in the presence of fumarate. The first of these features 
is the biphasic acidification of the medium seen on the addition of 
glycerol to such cells.
Unfortunately, due to the small extent of the first phase of 
acidification, compared to the proton gradient found in control cells 
(see Fig. 5), it was impossible to use the criterion of uncoupler-induced 
alkalinisation to show whether this phase of acidification was due to 
proton translocation or merely to the production of net acid equivalents. 
However, the rate of acidification and the subsequent alkalinisation, 
in this first phase, suggest that this phase was indeed one of proton 
translocation followed by proton re-entry into the cells. The absence 
of this first phase, on the addition of glycerol to anaerobic cells in 
the presence of fumarate and uncoupler, supports this suggestion.
The first phase of medium acidification was observed on the 
addition of glycerol,in the presence of fumarate, to anaerobic cells 
of strain AN259(wild) but was not observed on such an addition to anaer­
obic cells of strain AN476(glpK ) (Fig. 6). This finding suggests that 
this first phase of medium acidification was due to the oxidation of 
a-glycerophosphate formed from transported glycerol by the action of 
glycerol kinase (Kistler & Lin, 1971; Richey & Lin, 1972).
Fig. 5 shows that the second, more extensive phase of medium 
acidification, observed on the addition of glycerol to anaerobic cells 
of strain AN283(uncB) incubated in the presence of fumarate, was due 
in part to net outward proton translocation and partly to the production 
of net acid equivalents. The identity of the electron donor, for this 
phase of medium acidification, is unclear.
The differences between the proton movements observed on the 
addition of a-glycerophosphate, in the presence of fumarate, to anaerobic 
cells of strain AN283 grown on glycerol plus fumarate and those movements
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observed on such an addition to anaerobic cells of this strain grown on 
a-glycerophosphate plus fumarate, also require further comment (Fig. 7).
The explanation for these differences may lie in the different rates 
of a-glycerophosphate uptake in cells grown under different conditions 
(Fig. 8). The alkalinisation of the medium seen on a-glycerophosphate 
addition to a-glycerophosphate-grown cells suggests that the uptake of 
this anion was accompanied by proton uptake. It is therefore postulated 
that the initial proton movements, seen on the addition of a-glycerophosphate 
to anaerobic cells, were the net result of inward proton movements in 
a-glycerophosphate uptake (probably one proton per a-glycerophosphate) 
and outward proton movements in its metabolism (probably two protons per 
a-glycerophosphate).
Thus, in a-glycerophosphate-grown cells where the rate of a- 
glycerophosphate uptake was high, it is envisaged that proton uptake with 
a-glycerophosphate was initially faster than proton extrusion during 
a-glycerophosphate metabolism, resulting in the observed initial alkal­
inisation of the medium. On the other hand, in glycerol-grown cells 
where the rate of a-glycerophosphate uptake was much lower, it is envis­
aged that proton extrusion in a-glycerophosphate metabolism was faster 
than proton uptake with a-glycerophosphate, resulting in the observed 
initial acidification of the medium. Further study in cells of mutants 
deficient in a-glycerophosphate dehydrogenase activity is required to test 
the validity of this explanation.
a-glycerophosphate transport is an active process (Hayashi et al., 
1964) which involves a periplasmic protein (Silhavy et al., 1976). Thus, 
though a-glycerophosphate uptake may be accompanied by proton uptake, the 
energisation of a-glycerophosphate uptake may well involve factors other 
than ApH (see Chapters III & IV).
The results presented in the two parts of this chapter highlight
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the difficulties inherent in quantitating proton movements coupled to 
substrate metabolism where metabolism of that substrate is slow and where 
its uptake may be accompanied by proton uptake. Much further work is 
required to obtain better ->H+/2e values for the reduction of fumarate 
by endogenous donors, and obtaining such values for fumarate reduction 
by known, added electron donors may require the development of new, 
possibly reconstituted, systems.
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Chapter VI Proton translocation coupled to nitrate reduction.
A. Introduction.
During growth under anaerobic conditions in the presence of nitrate, E. 
coli induces an anaerobic respiratory chain using nitrate as the terminal 
electron acceptor and a variety of substrates as electron donors (Showe 
& DeMoss, 1968; Cole & Wimpenny, 1968; Ruiz-Herrera & DeMoss, 1969). 
Electron flow through this anaerobic respiratory chain is capable of 
energising the phosphorylation of ADP (Ota et al., 1964) and the active 
transport of some sugars and amino acids (Konings & Kaback, 1973; Konings 
& Boonstra, 1976; also see above). Thus, anaerobic electron flow coupled 
to the reduction of nitrate to nitrite is capable of forming the "high- 
energy" membrane state.
In agreement with the predictions of the chemiosmotic hypothesis 
concerning the nature of this "high-energy" membrane state (Mitchell,
1961; 1967; Harold, 1972), it was shown that the oxidation of endogenous 
substrates by nitrate gave rise to the net outward translocation of four 
protons per molecule of nitrate reduced (->H /NO^ =4)(Brice et al., 1974; 
Garland et al., 1975). Further, ->H+/N03 ratios of approximately two were 
found for the nitrate-dependent oxidation of glycerol or lactate, and the 
corresponding values for malate oxidation approached four (Garland et al., 
1975). On the assumption that two protons are translocated during the 
flow of 2e through each site of energy-conservation, these results were 
interpreted as showing the presence of one site of energy conservation 
between lactate or glycerol and nitrate, but of two such sites between 
NADH or endogenous substrates and nitrate (Garland et al., 1975).
Formate is the most efficient electron donor to nitrate (Ruiz- 
Herrera & DeMoss, 1969). The redox span between the formate/CC^ couple 
and the NO^/NO^ couple (841mV) is larger than that between the NADH/NAD 
and N03/N02 couples (740mV) and far more than the span required for the
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formation of two ATP molecules (440mV) (Konings & Boonstra, 1976). Thus 
one might expect E.coli to possess two coupling sites between formate 
and nitrate, just as between NADH and nitrate. Therefore, again on the
assumption that two protons are translocated per 2e per site of energy
+  —conservation, a value for /NO^ of four might be expected during 
formate oxidation.
In contrast to this expectation, Garland et al., (1975) obtained 
a value for ->H /NO^ of two during the nitrate-dependent oxidation of 
formate. However, these workers assayed proton translocation coupled to 
nitrate reduction by adding small pulses of nitrate to anaerobic sphero- 
plasts in the presence of excess formate. Some of this excess formate 
would have been taken up into the spheroplasts, together with protons, in 
response to the ApH established during the reduction of the added nitrate. 
For this reason, Garland et al., (1975) suggested that their values for 
■*H /NO^ during the nitrate-dependent oxidation of formate may have been 
considerable underestimates of the true value for -MI /NO^ during such 
oxidation.
In the following study, small pulses of formate were added to 
anaerobic cells of E.coli in the presence of excess nitrate. It was 
hoped that this method would minimise any artefacts due to the uptake of 
protons with formate and thus give a better estimate of the proton move­
ments coupled to the nitrate-dependent oxidation of formate.
B. Methods .
1. Growth of cells
Cells of strain AN480(uncB,frd) were grown anaerobically in filled, 
stoppered bottles as described in Chapter II "Methods". The following 
supplements were routinely added, to the mineral salts medium for anaerobic 
growth, to the final concentrations shown : thiamine, 3.3yM; 2,3-dihydroxy-
benzoate, 10pM; potassium nitrate, lOmM; glycerol, lOmM; potassium
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formate, 20mM; casamino acids, 0.05%. Cells were harvested in early 
log phase, while still actively growing, i.e. prior to exhaustion of 
carbon source.
2. Starvation of Cells
Cells were starved as described in Chapter V "Methods" except that fumarate 
was omitted from the starvation medium and potassium nitrate was added to 
lOmM.
3. Measurement of proton movements in lightly-buffered medium
Anaerobically-grown cells of strain AN480 were harvested, washed twice 
with lightly-buffered medium, resuspended in this medium to an of
1.5-2.5 and stored on ice, under N^, until required. Aliquots of this 
suspension were concentrated approximately seven fold by centrifugation, 
and samples (2.5ml) of this concentrated cell suspension were incubated 
anaerobically, at 37°C, in the presence of 50mM KSCN, as described in 
Chapter II "Methods".
All additions made after the start of incubation were from N^- 
purged and pH-matched solutions.
Incubated cells were allowed to reach pH equilibrium between pH 
7.1 and 7.4. Two types of assay were then performed on the equilibrated 
cells. In the first type of assay, potassium formate (8mM) was added and 
the cell suspension was adjusted to pH7.1 by the addition of small amounts 
of HC1. Small pulses of potassium nitrate were then added and the pH 
movements recorded. In the second type of assay, potassium nitrate (8mM) 
was added to the cell suspension. This caused a large acidification of 
the medium (see below). This acidification was allowed to reach comple­
tion and then, during the ensuing phase of slow alkalinisation of the 
medium, the pH was adjusted to the required value (pH6.6-7.1) with small 
amounts of HC1 or KOH. Small pulses of potassium formate were then added
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and the pH movements recorded.
C. Results.
1. Proton translocation coupled to the reduction of nitrate by 
endogenous electron donors
Addition of nitrate (8mM),in the absence of added electron donors, to 
anaerobic cells of strain AN480, caused an extensive phase of medium 
acidification followed by a slower phase of medium alkalinisation. Addition 
of uncoupler greatly enhanced the rate of this alkalinisation (Fig.l). 
Starvation of the cells reduced both the rate and the extent of the medium 
acidification observed on the addition of nitrate to the cell suspension.
A second addition of 8mM nitrate, during the alkalinisation phase follow­
ing a prior addition of 8mM nitrate, had no effect on the medium pH 
(Results not shown). These results are interpreted as showing the forma­
tion of a proton gradient across the bacterial cytoplasmic membrane by the 
reduction of nitrate by endogenous substrates, and the subsequent collapse 
of this gradient due to exhaustion of these substrates. Such proton trans­
location coupled to the nitrate-dependent oxidation of endogenous substrates 
has already been shown and quantitated (Brice et al., 1974; Garland et al., 
1975). The above results are included merely to clarify the experimental 
procedure used.
2. Proton translocation coupled to the nitrate-dependent oxidation 
of formate by cells of strain AN480
The acidification of the medium seen on the addition of small pulses of 
nitrate to anaerobic cells,equilibrated in the presence of excess formate, 
was slow and small (Fig.2(a)). Observed ->H /NO^ values, calculated by 
dividing the observed number of nmoles of protons which re-entered the 
cells during the alkalinisation phase (i.e. x, Fig. 2(a)) by the number 
of nmoles of nitrate added, ranged from 0.29, on the addition of lOOnmoles 
of nitrate, to 0.38, on the addition of 40nmoles of nitrate, in the
FIG. VI 1 Proton extrusion coupled to the reduction of nitrate by 
endogenous substrates.
CCCP
potassium 
nitrate (8mM)
Ö 2 4s* 31 33
Time after nitrate addition
(min)
Cells of strain AN480 were grown anaerobically and were prepared and 
incubated anaerobically at an E ^ q 1^.0. Potassium nitrate (8mM) 
and CCCP (40pM) were added as shown. For further details see "Methods"
FIG. VI 2 : Proton translocation coupled to the nitrate-dependent
oxidation of formate.
pH7.1
lOOnmol
potassium
nitrate
lmin
lOOnmol
HCI
(b)
lOOnmol
potassium
formate
Cells of strain AN480 were grown anaerobically and were prepared and 
incubated anaerobically at an E ^ q of 9.0 in the presence of either 
(a) 8mM potassium formate or (b) 8mM potassium nitrate. Pulses of 
(a) potassium nitrate or (b) potassium formate were then added and the 
pH movements recorded. For further details see "Methods".
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experiment from which Fig. 2(a) is taken. These values are considerable 
underestimates of the true *>H+/NO^ value since no correction was made 
for proton re-entry into the cells during the phase of medium acidific­
ation. The rates of this acidification were, however, too low for any 
accurate correction,for this re-entry, to be made by the method of 
Mitchell & Moyle (1967(b)).
The acidification of the medium observed on the addition of small 
pulses of formate to anaerobic cells,equilibrated in the presence of 
excess nitrate,was much faster and more extensive than that observed on 
the addition of similar amounts of nitrate to anaerobic cells,equilibrated 
in the presence of excess formate (Fig. 2). Observed ->H+/formate ratios, 
calculated as described above, ranged from 1.4, on the addition of 100 
nmoles of formate,to 2.0, on the addition of 10 nmoles of formate, in the 
experiment from which Fig. 2(b) is taken. The method of Mitchell & Moyle 
(1967(b)) was adapted and used to correct for proton re-entry during the 
phase of acidification following formate addition. The values obtained 
for ->H+/formate by the use of this method are hereafter referred to as 
->H+/formate(corrected). These values ranged from 2.1, on the addition of 
100 nmoles of formate, to 3.6, on the addition of 10 nmoles of formate, 
in the experiment from which Fig. 2(b) is taken.
The results of four different attempts to determine the value of 
-*H+/formate(corrected) at pH6.8 are shown in Table 1. Each result is the 
average of at least two determinations with a particular cell culture, 
and each experiment was performed with a different cell culture.
Little variation was found between different determinations of 
■*H /formate(corrected) values done with the same culture (Result not shown). 
However, these values varied markedly from culture to culture (Table 1).
The cause of this variation is unclear. However, a correlation was 
observed between the value of->H /formate(corrected) obtained with a
TABLE VI 1 : ~*H /formate(corrected) values obtained on the addition 
of formate to anaerobic cells of strain AN480, incubated 
in the presence of excess nitrate
Initial rate of medium 
acidification 
(nmol H+/min/mg dry wt.)
-*H+/ formate 
(corrected)
Experiment 1 13.0 3.8
Experiment 2 12.0 3.1
Experiment 3 10.6 3.0
Experiment 4 4.6 1.7
Cells of strain AN480 were grown anaerobically and were prepared and 
incubated anaerobically at an E ^ q of 20.0, in the presence of excess 
potassium nitrate. Pulses of potassium formate (lOnmoles) were added 
at pH6.8 and the pH movements recorded. For further details see
'Methods".
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particular culture and the rate of acidification of the medium seen on 
the addition of the pulse of formate to that culture. When the initial 
rate of medium acidification was high, values for ^H /formate(corrected) 
of up to 3.8 were observed.
Fig. 3 shows that some alkalinisation of the medium occurred on 
the addition of formate, in the presence of nitrate and uncoupler, to 
anaerobic cells and that the extent of this alkalinisation was pH-dependent. 
However, the extent of this alkalinisation was small, and no large, 
transient alkalinisation of the medium was observed.
Control experiments, in which 200nmol of potassium bicarbonate
was added to lightly-buffered medium at pH 6.5 (without cells) and the
oresultant solution incubated at 37 C under showed that alkalinisation
of the medium due to loss of CO^ to the atmosphere was insignificant over 
the time taken for the experiments described above (Result not shown).
D. Discussion.
The rates of medium acidification observed on the addition of pulses of 
nitrate, to anaerobic cells equilibrated in the presence of excess formate, 
were too low to permit any accurate estimation of the number of protons 
translocated per nitrate molecule reduced (-^ H /NO^) (see"Results"). On the 
other hand, the rates of medium acidification observed on the addition of
pulses of formate, to anaerobic cells in the presence of excess nitrate,
nwk
were much higher. Thus the method of Mitchell & Moyle (1967(b)) was used
l \
in an attempt to estimate the number of protons translocated per formate
+oxidised following such a formate pulse (-»-H /formate). If all, or nearly
all, the formate added was oxidised by nitrate-dependent pathways, then the 
-j- “1“ —values of ->H /formate and ->H /NO^ will have been approximately equal.
pH changes on the addition of formate in the presence of excess 
nitrate are, however, complex, since several different processes can
FIG. VI 3 : pH changes during the nitrate-dependent oxidation of
formate, in the presence of uncoupler.
(a)
200nm ol
potassium
formate 50nmol
HCI
(b) 200nm ol
potassium
formate
50nmol
HCI
(c) 200nm ol
potassium
formate
50nmol
HCI
Cells of strain AN480 were grown anaerobically and were prepared and
incubated anaerobically, in the presence of KN0ß(8mM) and CCCP (40pM), 
at an E ^ q of 9.0. Potassium formate was added, at various pH values, 
as shown. For further details see "Methods".
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contribute to these changes. Firstly, formate is oxidised on the inner 
aspect of the cytoplasmic membrane. Thus, formate uptake is required 
for its metabolism (Garland et al., 1975). The cytoplasmic membrane is 
impermeable to formate anion but is permeable to undissociated formic 
acid (Garland et al., 1975). Thus formate uptake, prior to metabolism, 
will result in the uptake of one proton per formate molecule taken up. 
Secondly, the oxidation of formate by formate dehydrogenase results in 
the consumption of one proton from the cytoplasm, and the formation of C02 
and water. Thirdly, electron flow from formate dehydrogenase to nitrate 
reductase results in outward proton translocation. Fourthly, protons, 
once translocated, tend to return to the cytoplasm. Finally, the outward 
diffusion of CO^, coupled with its hydration and subsequent ionisation, 
will result in the appearance of slightly less than one proton in the 
suspending medium : hydration of C02 within the cell, coupled with the 
outward diffusion and subsequent ionisation of the resultant carbonic 
acid, is indistinguishable, under the conditions used, from this last 
process, and these two possibilities are treated as equivalent.
Thus a reaction scheme for the reduction of nitrate, by a formate
pulse, may be written viz :
(i) HC02 (out) + H+ (out)£ HC02 (in) + H+ (in)
(Ü) HC02 (in) + N03 + (n+l)H+ (in)-> CC>2(in) + H O + N02
nH+ (out)
(iii)
+. + nH (out) nH (in)
(iv) C02(in) J CC>2 (out)
(v) C02(out) + H20 ■+ HCO^ (out) + H+ (out)
and the net reaction is therefore
(vi) xHC02 (out) + xH+ (out)+(l-x)HC02H(out) + NO^ -*
NO^ + yHCO^ (out) 4- yH+ (out) + (l-y)H2CO^(out) 
where x and y represent the ionised fraction of formic and carbonic acid 
respectively, and are thus pH-dependent.
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The net pH change observed depends upon the values of x and y.
The pK of formic acid is approximately 3.75 and the pK-^  of carbonic acid 
is approximately 6.35. Thus, at the pH values used in the experiments 
reported in this study (pH6.6-7.1), slight net alkalinisation occurred 
in the net reaction, as seen in Figs. 2 and 3.
The transient proton movements observed, depend on the rates of 
the partial reactions (i) to (v). No alkalinisation of the medium was 
seen on formate addition to anaerobic cells (Fig.2). Thus it would appear 
that, under the conditions used, the transport of formate was either rate- 
limiting for formate metabolism, or occurred at a rate only slightly 
faster than this metabolism, and therefore the proton uptake which 
occurred during formate uptake was masked by proton extrusion during 
formate metabolism.
Formate addition to anaerobic cells, in the presence of nitrate 
plus uncoupler, caused only such alkalinisation as was expected in the 
net reaction (equn. VI(vi)). No large transient alkalinisation was 
observed (Fig. 3). Thus, the rate of carbonic acid formation and ionis­
ation was similar to the rate of formate metabolism.
The acidification phase, seen on the addition of formate to anaerobic 
cells in the presence of nitrate but in the absence of uncoupler (Fig. 2), 
must have been concomitant with formate metabolism. Thus, given that 
carbonic acid was not greatly accumulated by the cells in response to the 
ApH, proton removal from the medium during formate uptake will have been 
largely balanced by carbonic acid formation and ionisation before the end 
of the acidification phase. Therefore, these two processes will have 
resulted only in a small underestimation in ->H /formate(corrected) due to 
the incomplete ionisation of carbonic acid at the pH values used.
Observed movements of protons were thus largely determined by the 
rate of proton extrusion (as determined by the value of n (equation (ii))
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and the rate of formate metabolism), and the rate of proton re-entry.
Correction was made for proton re-entry, during the phase of medium
c\w c f  \
acidification, by the method of Mitchell & Moyle (1967(b)) v ).
Resultant -*H /formate(corrected) values varied greatly from culture 
to culture (Table 1). The reason for this variation is unclear, but could 
be related to the variation in the initial rate of observed medium acidif­
ication. When such rates were low, it is possible that the equilibrium 
between proton extrusion and re-entry occurred before all the added for­
mate had been metabolised. This would have led to low values for ->H / 
formate(corrected) for the reasons described in Chapter V "Discussion”.
The above explanation is, however, entirely speculative, and other reasons
+for the variation in -*H /formate(corrected), such as a variation in the 
number of energy-conservation sites between formate and nitrate or in the 
efficiency of such sites or in the proportion of the added formate which 
was metabolised by nitrate-independent pathways, cannot be ruled out. The 
reason for the variation, in the observed initial rate of medium acidific­
ation in different cultures, also remains unclear.
At the highest rate of observed medium acidification, a value for 
-*H /formate(corrected) of 3.8 was obtained. The alkalinisation in the 
net reaction (see equation (vi)) will have caused this value to have 
underestimated the true ->H /formate value. The extent of this underestima­
tion is unclear, but would have been small. Thus a figure of approximately 
4 may be obtained for the number of protons translocated during the flow 
of 2e from formate to nitrate. However, for several reasons, this 
figure must be regarded as no more than a rough estimate of the true 
->H /formate value. Firstly, it is not known whether, even in this case, 
metabolism of the added formate was complete at the point of maximum 
acidification of the medium. If such metabolism was slow, but complete 
before this point, then the use of the^method of Mitchell & Moyle (1967 
(b)) would have overestimated the number of protons which re-entered the
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cell during the acidification phase, due to overextrapolation of the phase 
of alkalinisation. The maximum extent of this overestimation was 0.4 
(see Chapter V "Discussion"). If, on the other hand, metabolism of the 
added formate was not complete at the point of maximum acidification of 
the medium, the value obtained for ->-H+/formate(corrected) may well have 
been an underestimate of the true value, for the reasons outlined in 
Chapter V "Discussion". Finally, it is possible that part of the proton 
extrusion due to formate oxidation may have been used to maintain a 
steady-state proton gradient which, prior to formate addition, was main­
tained by the oxidation of residual endogenous substrates. This would 
also have caused the value obtained for ->H /formate(corrected) to under­
estimate the true value for ->H+/formate. Similar considerations apply 
to the other values for ->H+/formate(corrected) shown in Table 1.
For these reasons, it is impossible, with the data obtained, to 
give an accurate value for the number of protons extruded during the flow 
of two electrons from formate to nitrate. It is, however, evident that, 
under some conditions, this number was considerably greater than two, 
and may well have been higher than four. This finding, together with the 
results presented in Fig. 2, supports the suggestion by Garland et al., 
(1975) that the values for -*H+/N03, found in their study during the 
nitrate-dependent oxidation of formate, were artefactually low, possibly 
due to the uptake of excess formate together with protons, in response to 
the ApH established during nitrate reduction.
These results again emphasise the difficulties involved in obtain­
ing accurate determinations of ->H /2e values in systems where the uptake 
of an added substrate is accompanied by proton uptake, and where metabolism
of that substrate is slow.
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Chapter VII Effects of DCCD, on proton translocation coupled to 
electron flow, in anaerobically-grown cells 
A. Introduction.
DCCD has been shown to inhibit the membrane-bound Mg-ATPase of Escherichia
coli (Evans, 1970). On this basis DCCD has been used, at concentrations 
-4of 10 M and above, as a specific inhibitor of the Mg-ATPase in several 
attempts to define the mechanism of energy-coupling to active transport 
in bacteria (Klein & Boyer, 1972; Harold & Papineau, 1972(b); Maloney 
et al., 1974; Singh & Bragg, 1976).
In spite of the isolation of a component of the Mg-ATPase which
binds DCCD with high specificity (Fillingame, 1975; Patel & Kaback,
1976), reaction of DCCD with membrane components other than the Mg-ATPase
-4was considered likely, at DCCD concentrations of 10 M and above, due
to the high reactivity of the carbodiimide bond. Singh & Bragg (1974)
-4have in fact already shown that DCCD at 10 M increased the permeability 
of heptose-deficient mutants of E.coli to o-nitrophenol-ß-galactoside 
and inhibited both the induction of S~galactosidase,and the oxidation of 
some tricarboxylic acid cycle intermediates in these cells, though it 
had little effect on wild-type cells. These workers also suggested 
that DCCD inhibited dicarboxylate transport in their mutants.
The following report shows the results of studies, on the effects 
of DCCD on proton translocation coupled to electron flow, in anaerobically- 
grown cells of E.coli K12 strains AN283(uncB), defective in the coupling of 
ATP hydrolysis by the Mg-ATPase to membrane energisation, and AN480(uncB, 
frd), defective in both the coupling activity of the Mg-ATPase and fumarate 
reductase activity.
B. Materials and Methods.
1. Materials
DCCD was obtained from Fluka A.G., Buchs, Switzerland. A fresh solution
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in ethanol was made up for each experiment.
The strains of E.coli, used in this study, are described in the 
appendix.
2. Growth of cells
Cells of strain AN283(uncB) were grown anaerobically with lOmM a- 
glycerophosphate as carbon source and 40mM fumarate as terminal electron 
acceptor, as described in Chapter V ’’Methods". Cells of strain AN480 
(uncB,frd) were grown anaerobically on glycerol plus nitrate, as described 
in Chapter VI "Methods".
3. Measurement of proton movements and fumarate uptake
Cells were harvested, prepared and incubated anaerobically as described 
in Chapter V "Methods". All solutions added after the start of incuba­
tion were ^ “Purged and pH-matched. Whenever additions were made in 
ethanolic solution, control suspensions received the appropriate amount 
of ethanol.
Cells of strain AN283 were allowed to reach pH equilibrium between
pH7.1 and 7.3. DCCD was then added to the required concentration and
incubation at 37°C carried out for a further 10min. Two types of assay
were then carried out on alternate samples : (a), proton movements were
recorded after the addition of 80yM unlabelled potassium fumarate or
14lOpl of air-saturated ethanol or (b), [ C]-labelled potassium fumarate 
was added to 80PM and its uptake determined by conventional membrane 
filtration techniques as described in Chapter II "Methods".
Corrected counts for cellular radioactivity are expressed as nmoles 
fumarate taken up per mg dry wt. bacteria.
Cells of strain AN480 were incubated in the presence of 8mM potass­
ium nitrate. During this incubation, extensive acidification of the
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medium occurred due to proton extrusion coupled to nitrate reduction 
by endogenous substrates. On the depletion of these substrates, alkalin- 
isation of the medium occurred on proton re-entry into the cells (see 
Chapter VI). DCCD or ethanol was added to the cell suspension, to the 
required concentration, during this alkalinisation phase. Incubation 
was carried out for a further 10min at 37°C then potassium formate was 
added to 8hM and the pH movements recorded.
4. Assay of fumarate reductase activity
Suspensions of sonicated spheroplasts were prepared from cells of strain 
AN283 and were assayed for fumarate reductase activity, as described 
in Chapter II "Methods".
C. Results♦
Addition of fumarate,to anaerobic cells of anaerobically-grown strain 
AN283, caused acidification of the medium due to outward proton trans­
location and the production of some net acid equivalents in the oxida­
tion of endogenous electron donors. The acidification phase was then 
followed by a phase of medium alkalinisation due to proton re-entry 
into the cells (see Chapter V).
Table 1 shows that both the observed rate and extent of medium 
acidification, coupled to the reduction of added fumarate by endogenous 
electron donors, were inhibited by DCCD, and the extent of this inhibit­
ion depended on the concentration of DCCD added. Addition of 0.5mM 
DCCD caused an 84% inhibition in the rate of fumarate-induced medium 
acidification, and an 87% inhibition in the extent of this acidifica­
tion. However, at this concentration of DCCD, no alkalinisation of the 
medium was observed at the end of the small acidification phase, suggest­
ing that DCCD, at 0.5mM, completely inhibited active proton translocation 
during fumarate reduction by endogenous substrates, and that the small
TABLE VII 1 : Effects of DCCD on proton translocation in anaerobically-
grown cells of strains AN283 and AN480.
Strain DCCD Electron Electron Maximum rate Maximum t, proton
concen­
tration
(mM)
donor acceptor of medium 
acidification 
(nmol H+/min/ 
mg dry wt.)
extent of 
medium 
acidifica­
tion (nmol 
H+)
r^-entry
(seconds)
AN283 0 80yM 10.7 145 93
0.1 endogen-
potassium
fumarate 8.2 125 50
0.25 ous 3.6 68 <25
0.5 1.7 18.5 *
0 endogen- 8.6yM 89 60 48
ous o 9
0.5 2 90 49 12
AN480 0 8yM 8mM 17.3 20.2 23
0.5 potassiumformate
potassium
nitrate 20.7 19.3 15
* no proton re-entry detected.
Cells were grown, prepared and incubated anaerobically at an E r,n of660
17 (strain AN283) or 9 (strain AN480). Proton movements were elicited 
by adding either small amounts of electron acceptor (potassium fumarate 
or air-saturated EtOH) to cells of strain AN283, or small amounts of 
electron donor (potassium formate) to cells of strain AN480. For further 
details see "Methods". All results obtained with strain AN283 are an 
average of three determinations. Those obtained with strain AN480 are 
an average of two.
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acidification of the medium which was observed, was due solely to the 
production of net acid equivalents.
DCCD (0.5mM) did not inhibit either the observed rate of medium 
acidification coupled to the nitrate-dependent oxidation of added 
formate, or the observed extent of this acidification. Similarly, DCCD 
(0.5mM) had only a small effect on the extent of the observed medium 
acidification coupled to the oxidation of endogenous substrates by 
oxygen and did not affect the observed rate of such acidification. 
However, this latter rate was limited by the response time of the equip­
ment used. Thus an inhibition, by DCCD, of the true, rather than the 
observed, rate of medium acidification coupled to the oxidation of 
endogenous substrates by oxygen, cannot be ruled out (Table 1).
The tj^ of proton re-entry, after outward translocation coupled to 
fumarate reduction by endogenous donors, was reduced by DCCD (Table 1). 
Similarly, the t^, of proton re-entry after translocation coupled to the 
reduction of oxygen by endogenous substrates, or of nitrate by formate, 
was also reduced by DCCD. Thus the effect of DCCD on proton re-entry 
appears to have been general and DCCD at 0.1 - 0.5mM was therefore be­
having as a weak uncoupler.
DCCD did not inhibit fumarate uptake in whole cells, but did in­
hibit fumarate reductase activity in cell extracts (Table 2). The 
extent of inhibition of this activity was, however, lower than the extent 
of inhibition of observed medium acidification,at all DCCD concentrations 
tested.
D. Discussion.
DCCD inhibited the rate and extent of medium acidification coupled to 
fumarate reduction by endogenous substrates (Table 1). It should be 
noted that pre-incubation of the cells with EDTA was not required to
TABLE VII 2 : Effects of DCCD on fumarate uptake in whole cells
and fumarate reductase activity in cell extracts.
DCCD final 
concentration 
(mM)
Fumarate uptake 
(nmol/mg dry wt.)
Fumarate reductase 
activity (nmol BV* 
reduced/min/mg pro­
tein)at 10 s at 2min
0 0.5 1.2 60
0.1 - 52
0.5 0.5 1.2 34
* BV, benzyl viologen
Cells of strain AN283 (uncB) were grown and prepared as described in
"Methods". Then either (a) cells were incubated at 37°C at an E,,n660
of 12 and, 10min after the addition of inhibitor, fumarate uptake was
14initiated by the addition of 80yM [ C] potassium fumarate and measured 
as described in "Methods" or (b) a suspension of sonicated spheroplasts 
was prepared from the cells and the resulting suspension used, after 5 
min preincubation with inhibitor, in assays of fumarate reductase 
activity, as described in "Methods". The protein concentration of the 
sonicated spheroplast suspension was 5.4 mg/ml. Results shown for 
fumarate uptake are an average of two determinations. Those shown for 
fumarate reductase activity are an average of three.
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demonstrate these effects of DCCD. Thus the strains used in this study, 
unlike strains used by previous workers (Singh & Bragg, 1974), did not 
possess an effective outer-membrane permeability-barrier to DCCD. The 
reason for this discrepancy is unclear. However, our results highlight 
the fact that the existence of such a permeability-barrier to DCCD 
cannot be assumed.
Fumarate uptake is required for its reduction by fumarate reductase 
(see Chapter V). However, the observed inhibition by DCCD, of medium 
acidification coupled to fumarate reduction by endogenous substrates, 
was not due to any inhibition of fumarate uptake (Table 2). The absence 
of any inhibition, by DCCD, of fumarate uptake is in contrast to the 
findings of previous workers (Singh & Bragg, 1974) who, from their results, 
concluded that fumarate transport was inhibited by 50yM DCCD. This dis­
crepancy may be due to the fact that Singh & Bragg (1974) measured the 
aerobic uptake of fumarate at various times between 1 and 10min after 
fumarate addition, while in these studies anaerobic fumarate uptake was 
measured over a 2min period. In studies of aerobic succinate uptake, 
over 85% of the succinate taken up was metabolised to aspartate and other 
amino acids during lmin of uptake (see Chapter IV) and, since fumarate 
is an intermediate on this pathway, it is likely that the fumarate 
taken up by the cells in the studies of Singh & Bragg (1974) was also 
almost completely metabolised to aspartate and other amino acids, over
a similar time period. Thus, in that study, the amount of radioactive
14material accumulated by cells after [ C] fumarate addition would not 
have truly reflected the activity of the dicarboxylate transport system 
(Kay and Kornberg, 1971), and the observed inhibition of fumarate uptake 
could well have been due to an inhibition of aerobic fumarate metabolism. 
Under anaerobic conditions, fumarate is largely metabolised to succinate 
(see Chapter V). Succinate and fumarate are transported by the dicarb­
oxylate transport system with similar kinetic properties (Kay & Kornberg,
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1971). Thus, fumarate uptake under anaerobic conditions will have more 
truly reflected the activity of this transport system.
The explanation for the effect of DCCD, on the observed acidific­
ation of the medium after fumarate addition to anaerobic cells, is 
probably twofold. This acidification was the net result of outward 
proton movements due to fumarate reduction, and inward proton movements 
due to passive re-entry into the cells. In addition to its inhibitory 
effect on fumarate reduction, DCCD also stimulated proton re-entry into 
the cells (Tables 1 & 2). Thus, though each of these effects of DCCD 
could not alone account for the inhibition, by DCCD, of the observed 
medium acidification coupled to the oxidation of endogenous substrates 
by added fumarate, it is likely that the two effects acting in concert 
were sufficient to explain this inhibition. An effect of DCCD on other 
components of the anaerobic electron transport chain between endogenous 
substrates and fumarate reductase cannot, however, be excluded.
It is apparent from these results that DCCD,at concentrations 
-4above 10 M, is unreliable as a specific inhibitor of the Mg-ATPase, 
especially under conditions where fumarate reductase is induced. Specific 
mutations in the Mg-ATPase complex do not suffer from this disadvantage 
and are thus better tools than inhibitors for defining the role of this 
enzyme in energy-coupling to energy-linked reactions, such as active 
transport, in any future study.
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Chapter VIII General Conclusions
The chemiosmotic hypothesis (Mitchell, 1961; 1967; Harold, 1972) suggests 
that the "high-energy" membrane state is a proton-motive force consisting 
of a membrane potential (interior negative) and a pH gradient (inside 
alkaline). This hypothesis predicts that exergonic membrane-associated 
reactions such as ATP hydrolysis by the Mg-ATPase, aerobic respiration or 
anaerobic electron flow to nitrate or fumarate are obligatorily coupled 
to stoicheiometric outward proton translocation. Endergonic membrane- 
associated reactions such as active transport are envisaged as being 
coupled to the energetically-favoured re-entry of protons into the cell.
The first aim of the work described in this thesis was to in­
vestigate the generality of coupling of active transport systems to the 
"high-energy" membrane state. It was shown in the first three experimental 
chapters that, though the active transport of many metabolites, for 
example the anaerobic uptake of proline, required the "high-energy" 
membrane state, the anaerobic uptake of glutamine did not. Thus, as 
previously suggested, (Berger & Heppel, 1974; Kobayashi et al., 1974), 
at least two systems exist in E.coli for the energisation of the accumu­
lation of unchanged metabolites within the cell. In addition to these 
two systems, E.coli also possesses a system which catalyses the uptake 
and concomitant phosphorylation of several substrates (see Kaback, 1972). 
Thus, active transport coupled to the "high-energy" membrane state, is 
only one of at least three distinct methods by which E.coli can accumu­
late substrates to a metabolically useful concentration, and cannot be 
considered as the preferred or general way in which such accumulation is 
accomplished.
The second aid of the work described in this thesis was to test 
the validity of some predictions of the chemiosmotic hypothesis concerning 
the generation of the "high-energy" membrane state, and the nature of its 
coupling to active transport.
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Electron flow to fumarate or nitrate, under anaerobic conditions,
has been previously shown to lead to the formation of the "high-energy" 
membrane state and, as predicted by the chemiosmotic hypothesis, to 
outward proton translocation (for references see Chapter I(D.2)). The 
results shown in Chapters V and VI confirmed and extended previous studies 
on proton translocation by these systems. They showed that the anomalous 
low stoichiometries, obtained by previous workers for proton translocation 
coupled to either the fumarate-dependent oxidation of endogenous substrates 
or the nitrate-dependent oxidation of formate, were probably artefactual. 
However, these results also showed that determination of -*H+/2e- values 
in these systems was complex and that, due to these complexities, accur­
ate determination of these values was impossible under the conditions 
used. Proton translocation coupled to the fumarate-dependent oxidation 
of several added electron donors was qualitatively demonstrated (see 
Chapter V) but could not be quantitated with the systems used. Thus, in 
none of the cases tested was it possible to demonstrate the translocation 
of a fixed, integral number of protons during the flow of 2e- through 
one or more sites of energy conservation. Therefore, though these results 
show that anaerobic electron flow can lead to outward proton translocation,
they do not show that the two pe|Aenomena are obligatorily linked.
A*
The chemiosmotic hypothesis predicts that the active transport 
of neutral substances and anions is coupled to the "high-energy" membrane 
state by co-transport of protons with these substrates. Such co-transport 
of protons has already been demonstrated in the uptake of several sub­
stances (for references see Chapter I(D.2)). The results presented here 
extended those previous reports by studying the anaerobic uptake of proline 
and the aerobic uptake of dicarboxylates.
No co-transport of protons with substrate could be demonstrated 
during anaerobic proline uptake. However, the rate of anaerobic proline 
uptake correlated with the magnitude of the proton gradient in all cases
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tested, and the lack of any observed co-transport of protons with proline
could well have been due to the low sensitivity of the apparatus used 
(see Chapter II). Thus the results obtained for anaerobic proline 
uptake were consistent with the chemiosmotic hypothesis. The co-transport 
of protons with substrates was, however, demonstrated in aerobic dicarb- 
oxylate uptake. The aerobic uptake of succinate was obligatorily 
coupled to the uptake of two protons per succinate molecule. The uptake 
of other dicarboxylates was similar (see Chapter IV). However, it would 
appear, from previously published data, that the ApH was insufficient to 
energise the accumulation of succinate observed in some studies. Thus, 
though the ApH is probably important in the energisation of succinate 
uptake, it is likely that other factors are also involved.
Thus, from the results presented in this and in previous studies, 
it is apparent firstly that, many active transport systems are coupled
to the "high-energy membrane state, but that this method of energy 
coupling is by no means universal. Secondly, though outward proton trans­
location coupled to exergonic membrane-associated reactions, such as 
anaerobic electron flow, has been amply demonstrated, it is not yet certain 
that an obligatory linkage between the two processes exists in all cases. 
Finally, though inward proton movement coupled to endergonic membrane- 
associated reactions, such as anion uptake, has been shown, the exact 
function of these proton movements is in some cases unclear. Thus, 
though chemiosmotic phenomena are undoubtedly important in energy­
coupling, much further work is still required to delineate their exact
role.
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APPENDIX
Strains of E.coli used in these studies :
Strain Relevant Genetic Other Information
loci
AN259 argH , entA Butlin et al., (1973)
AN283 argH , entA , uncB401 Butlin et al., (1973)
AN285 argH , entA , unc-405 Cox et al., (1974)
AN472 ilvC-7 , frd-1, entA Rosenberg et al., (1975)
AN476 glpK~, his , ilv Young, (1975)
AN480 frd-1, uncB401 Rosenberg et al., (1975)
All the above strains were donated by Dr. G. B. Cox of this department.
